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Abstract 
This thesis describes research carried out by the author between 1988 and 1991 at the 
Department of Chemical Engineering, University of Edinburgh, under the supervision 
of Dr Donald Glass and Dr Bruce Ward. The aim of the research was to design, build, 
operate and control a dual-hollow fibre bioreactor. The principle behind the design is 
that of the blood supply system in animals. The nutrients are supplied in one set of 
fibres to the growth region, similar to the arteries in the blood system, and another 
separate set of fibres takes waste products away from the growth region, in a manner 
analogous to the venous system. 
The design, construction and operation of the bioreactor is described. The development 
of novel building techniques are explained, covering new ground in fibre bioreactor con-
struction. The monitoring equipment required is described with a number of successful 
experimental runs demonstrating the data collection capabilities of the apparatus. 
During the research, areas of work not initially envisaged were explored, with the aim 
to provide a basis for future control strategies. This included the development of a 
fibre testing rig, so that different fibres and various medium preparations could be 
tested outside • a reactor system. This was done due to the lack of basic information 
available on fibre performance. This leads into work on the modelling the bioreactor 
by means of a numerical solution run on a computer. The model provides new areas 
of simulation, the fouling of fibres and the changing nutrient concentrations supplied 
to the bioreactor. The work is now at a stage where experimental work and modelling 
work should be brought closer together to help understand problems experienced in 
both areas. 
What can the expression be to describe a feeling, whole in description never 
for, it stretches the essence to even be. Times will seem to hang waiting 
on every moment then flitter away, quick as a sprite to past. To grasp on 
to those feelings, the power the majesty. Ohh sweet suffering in agony 
what pleasure with so much pain but it is worth all. Grey days swim 
with vibrant colours of the heart , then dashed are the days of paradise 
when the winter beats deep and lonely to the core, stabbing with rapier 
thrusts icicles spiral in the air. Yet people can endure much for this 
most tortuous gift that is called heaven sent. 
A Question, A.E.Me 
iv 
Life is a one-way streetBy:- J.G.Burn8 
Contents 
1 Introduction 	 1 
1.1 An. Introduction to Hybridomaa .......................1 
1.2 Uses of Monoclonal Antibody ........................2 
1.2.1 Initial Production Method ......................3 
1.3 Discussion on Contents of Thesis ......................3 
2 Reactors for the Production of Hybridomas 4 
2.1 Introduction .................................. 4 
2.1.1 	Initial Method of Production 	.................... 4 
2.1.2 	Current Methods of Production ................... 5 
2.2 Roller Bottles 	................................. 6 
2 .3 Microcarriers 	................................. 7 
2.3.1 	Summary 	............................... 8 
2 .4 Hollow Fibre Reactors 	............................ 9 
2.5 Airlift Reactors 	................................ 10 
2.5.1 	Introduction 	............................. 10 




2.5.3 	Industrial Use .............................12 
2.5.4 	Summary ............................... 13 
	
2 .6 	Encapsulation ..................................14 
2 .6.1 	Summary ...............................14 
2 .7 	Condusion 	...................................15 
3 Growth Kinetics and Control 
	
16 
3 .1 	Introduction ..................................16 
3.2 Requirements For Hybridoma Growth ...................18 
3 .2.1 	Oxygen ................................18 
3.2.2 Medium Constituents ........................20 
3.2.3 Summary of Discussion on Growth Models ............22 
3.3 	Control 	....................................24 
3.3.1 	Introduction 	.............................24 
3.3.2 Some Control Methods ........................24 
3.3.3 Present and Future Work in Control and Modelling .......25 
4 Hollow Fibre Reactors 
	 27 
4 .1 	Introduction ..................................27 
4.2 Single Fibre Bioreactors ...........................27 
4.2.1 Conventional Operation .......................27 
4.2.2 Cross Flow Operation ........................29 
4.2.3 Modelling of Single Fibre Reactors: Some Problems ........30 
4.2;4 Models for Single Fibre Reactors ..................32 
CONTENTS 	 vii 
4.2.5 Operation of single fibre reactor ..................34 
4.2.6 Conclusion on Single fibre bioreactor8 ...............35 
4.3 Concentric Tube Reactors ...........................36 
4.3.1 Concentric reactors using permeable silicone tubules .......36 
4.3.2 Concentric Reactor using hollow fibres only ............37 
4.3.3 Reactor Model: Concentric Tube Reactor .............37 
4.3.4 Operation of the concentric tube reactor ..............41 
4.3.5 Conclusions on the Concentric Tube Reactor ...........42 
4.4 Dual Hollow Fibre Bioreactors .......................43 
4.4.1 Introduction .. ............................43 
4.4.2 The Central Feed Distributor Reactor ...............43 
4.4.3 Intercalated-Spiral Alternate-Dead-Ended Hollow Fibre Bioreac- 
tor..................................45 
	
4.5 	Summary ...................................51 
4.5.1 	Single fibre reactor ..........................51 
4.5.2 	Concentric tube reactor .......................52 
4.5.3 	Dead-ended reactor ..........................52 
5 Design and Construction Techniques 
	 54 
5.1 	Introduction ..................................54 
5.2 Construction Techniques ...........................54 
5.2.1 	Single Fibre Reactors ........................54 
5.2.2 Concentric Tube Reactors ......................56 
5.23 Intercalated-Spiral Alternate-Dead-Ended Reactor ........57 
CONTENTS 	 viii 
5.2.4 Knazek's Dual Fibre Reactor ....................57 
5.3 The initial Edinburgh Design ........................60 
5.4 The Edinburgh Bioreactor: Materials, Design and Construction .....61 
5.4.1 Materials of Construction ......................62 
5.5 Design and Construction Techniques ....................64 
5.5.1 Original Reactor ...........................64 
5.5.2 First Completed Reactor ......................65 
5.5.3 First Model of Present Reactor ...................67 
5.5.4 Improvements .............................74 
5.5.5 Reactor Operational Layout .....................74 
5.5.6 Advantages of Edinburgh's Reactor over other dual fibre reactors. 74 
5.5.7 Possible design configurations for the reactor of the future . . . . 76 
5.6 Monitoring and Control ...........................78 
5.6.1 Introduction .............................78 
5.6.2 Monitoring Equipment ........................79 
5.6.3 Computer and Interface .......................86 
5.7 Experimental Runs of Dual-Hollow Fibre Bioreactor ...........92 
5.7.1 First Experimental Run .......................92 
5.7.2 Second Experimental Run ......................94 
5.7.3 Third Experimental Run ......................97 
5.7.4 Fourth Experimental Run ......................97 
5.7.5 Fifth Experimental Run .......................97 




5.7.7 Seventh Experimental Run 	 . 100 
5.7.8 Experimental Runs 3-7 ........................100 
5.7.9 Conclusion on Experimental Runs ..................101 
5.8 Conclusion on Chapter ............................102 
6 Modelling of Reactor 	 103 
6.1 	Introduction ..................................103 
6.2 Commercial Fluid Dynamics Package ....................104 
6.2.1 Theoretical Background .......................104 
6.2.2 Initialising a Problem on Fluent ..................104 
6.2.3 Conclusion ..............................110 
6.3 Complex Potentials ..............................111 
6.3.1 Complex Jacobian Elliptic Functions ................111 
6.3.2 Conclusion ..............................114 
6.4 Equations for a Dual Fibre Reactor: Analysis and Extension ......115 
6.4.1 Introduction .............................115 
6.4.2 Equations for ISADE and single fibre reactors ...........115 
6.4.3 Solution for Single Fibre Reactor ..................117 
6.4.4 Solution for ISADE Reactor ......................117 
6.4.5 Equations Derived for Edinburgh's Dual Hollow fibre Reactor . . 120 
6.4.6 Conclusion on pressure models ...................129 
6.4.7 Growth Model for ISADE Reactor .................129 
6.4.8 Conclusion on growth models ....................130 




6.5.1 	Introduction 	.............................131 
6.5.2 Method of solution for Pressure and Flow in the reactor .....132 
6.5.3 Growth Model and Method of solution . ...............135 
6.5.4 Computer Programs used to Model Reactors ...........141 
6.6 Computer Simulation Runs .........................145 
6.6.1 Introduction .............................145 
6.6.2 Runs 1 and 2 .............................145 
6.6.3 Effects of Fouling (runs 3, 4, 5) ...................146 
6.6.4 Effect of Permeability of the fibres (runs 6 and 7) .........152 
6.6.5 Dead-ended Operation (run 8) ...................153 
6.6.6 Effects of cell concentration, reservoir size and fibre spacing.. . . 153 
6.6.7 Summary of Computer Run Conditions ..............158 
6.6.8 Conclusion on Computer Model ...................159 
6.7 Fibre Experiments ..............................161 
6.7.1 Introduction .............................161 
6.7.2 Requirements and Construction of test rig .............162 
6.8 Experiments with Fibre Testing Rig ....................164 
6.8.1 Introduction .............................164 
6.8.2 Actual Experimental Conditions Used ...............164 
6.8.3 Dead Ended Experiments ......................166 
6.8.4 Flow Through Experiments .....................177 
6.8.5 Single Fibre Experiments ......................186 
6.8.6 Different Fibres on Source and Sink ................187 
CONTENTS 
	 xi 
6.9 Conclusion of fibre experiments .......................189 
6.10 Conclusion of Chapter ............................191 
7 Conclusions 
	 196 
7.1 Plan and Reality of Research ........................196 
7.2 Design, building and operation .......................196 
7.2.1 Problems with monitoring equipment and reactor design .....197 
7.2.2 Realised performance of bioreactor and monitoring equipment. . 199 
7.3 Control ....................................200 
7.4 Experimental Runs using Hybridomas ...................204 
7.5 Work not Originally Envisaged .......................205 
7.5.1 	Fibre Experiments ..........................205 
7.5.2 	Computer Model ...........................205 
7.6 A Summary of Further Work ........................207 
A Results from Fibre Experiments 	 217 
B One of the Main Program Loops 	 240 
C Input file for Computer Model 	 246 
D Wiring for Interface 	 248 
List of Figures 
2.1 Diagram of roller bottle 	 . 	6 
2.2 Airlift fermenter with internal draft tube . . . . . . . . . . . . . . . . . . 11 
2.3 Airlift fermenter with external recycle loop ..................12 
4.1 Single fibre reactor in conventional operating mode ............ 28 
4.2 Starling flow in conventional operation . . . . . . . . . . . . . . . . . . . 28 
4.3 Cross flow operation of single fibre reactor . . . . . . . . . . . . . . . . . 30 
4.4 Graph of pressure versus axial position for single fibre reactor. . . . . . 34 
4.5 A concentric tube bioreactor layout . . . . . . . . . . . . . . . . . . . . . 36 
4.6 Top figure, reactor layout, Bottom figure arrangement of fibres . . . . . . 38 
4.7 Idealised patterns of cell distribution. See table 4.1 for derived equations. 41 
4.8 Schematic of the proposed radial flow reactor ...............44 
4.9 Schematic of dead-ended reactor ......................45 
4.10 Pressure profiles for dead-ended reactor, with different values of alpha. 49 
5.1 One end of dual fibre reactor . . . . . . . . . . . . . . . . . . . . . . . . . 55 
5.2 Inner section of concentric fibre reactor . . . . . . . . . . . . . . . . . . . 56 
5.3 Inner and outer sections of concentric fibre reactor . . . . . . . . . . . . . 56 
XII 
	
LIST OF FIGURES 	 x1u 
5.4 Complete concentric fibre reactor, without end connectors .. . . . . . . . 57 
5.5 The alternating position of dead-ended fibres ................58 
5.6 Diagram of Knazek's Dual Fibre Reactor . . . . . . . . . . . . . . . . . . 58 
5.7 Construction of first reactor . . . . . . . . . . . . . . . . . . . . . . . . . 64 
5.8 Reactor constructed from different sized tubes . . . . . . . . . . . . . . . 65 
5.9 The potting of the fibre bundle after the fibre have been threaded through 
thetemplates . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . 	67 
5.10 Polycarbonate shell ...............................68 
5.11 Design of endcaps................... ... ..........68 
5.12 Triangular pitch distribution . . . . . . . . . . . . . . . . . . . . . . . . . 	71 
5.13 Square pitch distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 	72 
5.14 Triangular pitch distribution with source fibres dark . . . . . . . . . . . . 72 
5.15 Picture of reactor ...............................75 
5.16 A possible design for bundle formation . . . . . . . . . . . . . . . . . . . 76 
5.17 A possible design for bundle formation using polycarbonate or molded 
plasticend . 	. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 	77 
5.18 Layout of instrumentation and reactor connections . . . . . . . . . . . . . 89 
5.19 Reactor run in a totally dual supply/sink operation . . . . . . . . . . . . 92 
5.20 Graph of pressures in the first run of current reactor ...........93 
5.21 Source fibres run with a flow going right through system (flow through 
operation), with the sinks being operated in dual exit manner . . . . . . 94 
5.22 Graph of pressures in the second run of current reactor ..........96 
5.23 Graph of pressures in the fourth run of current reactor ..........98 
5.24 Graph of pressures in the sixth run of current reactor ..........99 
LIST OF FIGURES 
	
xiv 
6.1 Simple representation of a fibre matrix . .................. 106 
6.2 This shows the use of mirror cells to expand the area described in the 
previous diagram, to help the visualisation of the flows . . . . . . . . . . 107 
6.3 Velocity vectors for a distribution of one source to two sinks, produced 
by Fluent fluid dynamics package . . . . . . . . . . . . . . . . . . . . . . 108 
6.4 Velocity vectors for a distribution of one source to three sinks, produced 
by Fluent fluid dynamics package . . . . . . . . . . . . . . . . . . . . . . 109 
6.5 Representation of fibres for modeling by complex potentials . . . . . . . . 111 
6.6 Poles which can represent sources and sinks of the on function . . . . . . 112 
6.7 Poles which can represent sources and sinks of the on function plus the 
dc function . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . 113 
6.8 Diagram showing coordinates used in derivation of equations . . . . . . . 116 
6.9 The graph shows the effect of changing alpha on the pressure profile 
along the ISADE reactor ...........................119 
6.10 Simple schematic of dual feed operation . . . . . . . . . . . . . . . . . . . 120 
6.11 Graph showing the effect of changing alpha on the pressure profile along 
the reactor for a dual feed operation . . . . . . . . . . . . . . . . . . . . . 122 
6.12 Simple schematic of cocurrent flow-through operation . . . . . . . . . . . 122 
6.13 Simple schematic of countercurrent flow-through operation . . . . . . . . 123 
6.14 Graph showing the effect of changing D and V on the pressure profile 
forcocurrent operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 
6.15 Graph showing the effect of changing D and V on the pressure profile 
forcountercurrent operation . . . . . . . . . . . . . . . . . . . . . . . . . 125 
6.16 Graph showing the pressure profile for a reactor with flow-through source 
and a dual outlet sink sets of fibres, with no flow exiting source end. . . 126 
6.17 Graph showing the pressure profile for a reactor with flow-through source 
and a dual outlet sink sets of fibres. With D = 0.05 ...........127 
6.18 Graph showing the pressure profile for a reactor with flow-through source 
and a dual outlet sink sets of fibres. With D = 0.125 ........... 128 
	
LIST OF FIGURES 
	 xv 
6.19 Shows roughly the calculations required for a single fibre reactor. . . . . 134 
6.20 Shows roughly the calculations required for a dual fibre reactors. . . . . 134 
6.21 This shows the flow of data between different blocks of the program. . . 136 
6.22 Shows the shells surrounding the sections of a sink fibre used in the 
growthmodel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 
6.23 Pressure profile for run 1 and 2, and the initial profile for many of the 
other runs . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146 
6.24 Cell concentration after 120 hrs run with small reservoir, run 1......147 
6.25 Cell concentration after 120 hrs run with large reservoir, run 2......147 
6.26 The flows out of the sink and into the source fibres are plotted. Plots 
after 4 hrs. and 120 hrs are shown for both sets of fibres, run 3......148 
6.27 The change in shell pressure with time for run 3..............149 
6.28 Pressure profile for run 3 after 120 hrs . . . . . . . . . . . . . . . . . . . . 149 
6.29 The flows out of the sink and into the source fibres are plotted. Plots 
after 4 hrs. and 120 hrs are shown for both sets of fibres. Run 4.....150 
6.30 Pressure profile for run 4 after 120 hrs . . . . . . . . . . . . . . . . . . . . 151 
6.31 Pressure profile for run 5 after 120 hrs . . . . . . . . . . . . . . . . . . . . 151 
6.32 Shell pressure against time for run 5.....................152 
6.33 Pressure profile for run 6 after 120 hrs . . . . . . . . . . . . . . . . . . . . 153 
6.34 Pressure profile for run 7 after 120 hrs . . . . . . . . . . . . . . . . . . . . 154 
6.35 Pressure profile for run 8 in dead-ended operation . . . . . . . . . . . . . 154 
6.36 Cell profile for run 10 after 72 hrs . . . . . . . . . . . . . . . . . . . . . . 155 
6.37 Oxygen profile for run 10 after 72 hrs . . . . . . . . . . . . . . . . . . . . 156 
6.38 Cell profile for run 11 after 72 hrs . . . . . . . . . . . . . . . . . . . . . . 156 
6.39 Oxygen proffle for run 11 after 72 hrs . . . . . . . . . . . . . . . . . . . . 157 
LIST OF FIGURES 
	 xvi 
6.40 Cell profile for run 12 after 72 hrs......................157 
6.41 Oxygen profile for run 12 after 72 hrs . . . . . . . . . . . . . . . . . . . . 158 
6.42 Experiment on dual fibre reactor with high molecular weight cut-off fibre 
on source and low molecular weight cut-off on sink . . . . . . . . . . . . . 161 
6.43 Basic design of fibre test rig . . . . . . . . . . . . . . . . . . . . . . . . . 162 
6.44 Fibre test rig with ready to be connected up for tests . . . . . . . . . . . 165 
6.45 Graph of permeability versus cumulative flow for 30kDalton pore fibre.. 166 
6.46 Graph of permeability and cumulative flow against time for 30kDalton 
pore fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167 
6.47 Graph of pressure against time for 30kDalton pore fibre . . . . . . . . . . 167 
6.48 Graph of permeability versus cumulative flow for lOOkDalton pore fibre 
in experiment 4................................168 
6.49 Graph of pressure against time for lOOkDalton pore fibre in experiment 4.169 
6.50 Graph of permeability versus cumulative flow for lOOkDalton pore fibre 
inexperiment 5................................169 
6.51 Graph of pressure against time for lOOkDalton pore fibre in experiment 5.170 
6.52 Flow of liquid from shell volume to fibre lumen . . . . . . . . . . . . . . . 170 
6.53 Graph of permeability against time for 0.1 pm pore fibre in experiment 
12 fibre 1....................................171 
6.54 Graph of pressure against time for 0.1 pm pore fibre in experiment 12 
fibre2......................................172 
6.55 Graph of permeability against time for 0.1 pm pore fibre in experiment 
13 fibre 1....................................172 
6.56 Graph of permeability against time for 0.1 pm pore fibre in experiment 
13 fibre 2....................................173 
6.57 Graph of permeability against time for 0.1 pm pore fibre in experiment 
14 fibre 1....................................173 
LIST OF FIGURES 
	
xvii 
6.58 Graph of of permeability against cumulative flow for 0.1 pm pore fibre 
in experiment 12,13 and 14 for fibres 1 and 2. Stars represent fibre 1, 
and circles fibre 2...............................174 
6.59 Graph of of permeability against log of cumulative flow for 0.1 jum pore 
fibre in experiment 12,13 and 14 for fibres 1 and 2. Stars represent fibre 
1, and circles fibre 2..............................175 
6.60 Graph of pressure against time for 0.1 pm pore fibre in experiment 17. . 176 
6.61 Graph of permeability against cumulative flow for 0.1 pm pore fibre in 
experiment17.................................176 
6.62 Mode of operation for flow-through experiments . . . . . . . . . . . . . . 177 
6.63 Graph of permeability against time for 100 kDalton pore fibre in exper-
iment6.....................................178 
6.64 Graph of pressure against time for 100 kDa.lton pore fibre in experiment 6.178 
6.65 Graph of permeability against time for 100 kDalton pore fibre in exper-
iment 7.....................................179 
6.66 Graph of pressure against time for 100 kDalton pore fibre in experiment 7.179 
6.67 Graph of permeability against time for 0.1pm pore fibre in experiment 9. 180 
6.68 A graph of permeability against cumulative flow for 0.11sm pore fibre in 
experiment 9..................................181 
6.69 Graph of permeability against log of cumulative flow for 0.1jsm pore fibre 
in experiment 9................................181 
6.70 Graph of pressure against time for 0.1pm pore fibre in experiment 9. . . 182 
6.71 Graph of permeability against time for 0.11&m pore fibres in experiment 
11........................................183 
6.72 Graph of pressure against time for 0.1pm pore fibres in experiment 11. . 183 
6.73 Graph of permeability against time for 0.1pm pore fibres in experiment 
15........................................184 
6.74 Graph of pressure against time for 0.1pm pore fibres in experiment 15. . 184 
6.75 Graph of permeability against time for 0.1pm pore fibre in experiment 
17 at 1.5 p.s.i.g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 
LIST OF FIGURES 
	
xviii 
6.76 Graph of pressure against time for 0.1zm pore fibre in experiment 17 at 
1.5 p.s.i.g ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 
6.77 Graph of permeability against time for 0.1zm pore fibre in experiment 
17 at 2.5 p.s.i.g................. .... ..............188 
6.78 Graph of pressure against time for 0.1pm pore fibre in experiment 17 at 
2.5 p.s.i.g ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 
6.79 Graph of permeability against time for 0.1pm pore fibre in experiment 
17 at 3.5 p.s.i.g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 
6.80 Graph of pressure against time for 0.1gm pore fibre in experiment 17 at 
3.5 p.s.i.g ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191 
6.81 Graph of permeability against time for 0.1jsm pore fibre in experiment 18.192 
6.82 Graph of pressure against time for 0.1jtm pore fibre in experiment 18. . 192 
6.83 The graph of pressure against time for 100 kDalton pore fibre run as a 
single fibre reactor. (experiment 8) .....................193 
6.84 The graph of pressure against time for 0.1km pore fibre run as a single 
fibre reactor. (experiment 10) ........................193 
6.85 The graph of pressure against time for 0-1/Am pore fibre as source and 
100 kDalton fibre as sink. (experiment 19) .................194 
6.86 The graph of permeability against time for 0.1pm pore fibre as source 
and 100 kDalton fibre as sink. (experiment 19) ..............194 
7.1 Circuit to measure flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 
7.2 Proposed moitoring layout . . . . . . . . . . . . . . . . . . . . . . . . . . 203 
List of Tables 
2.1 A table of some of the commercially available microcarriers . . . . . . . . 	8 
4.1 Concentration profiles for non-uniform cell growth.. (c is the dimension-
lessconcentration ...............................40 
5.1 Pressure transducer factors used to convert signal to p.s.i. from the 
equation of the form Pressure (p.s.i.) = b*signal + a...........83 
6.1 Arterial fibre, dimensionless pressure profiles ...............135 
A.1 Pressure readings for 30kDalton fibres dead-ended in experiment 3. . . . 217 
A.2 Calculated perineabilities for 30kDalton fibres, dead-ended, in experi- 
ment3.....................................218 
A.3 Pressure readings for 100 kDalton fibres dead-ended. Expt 4.0 .....218 
A.4 Permeabilities calculated for experiment 4 	................219 
A.5 Pressure readings for 100 kDalton fibres dead-ended. Expt 5.0 .....219 
A.6 Permeabilities calculated for experiment 5 	................220 
A.7 Pressure readings for 100 kDalton fibres in flow-through mode. Expt 6.0 220 
A.8 Permeabifities calculated for experiment 6 	................221 
A.9 Pressure readings for 100 kDalton fibres in flow through mode. Expt 7.0 
fibres swapped round from expt 6 ......................221 
A.10 Petmeabilities calculated fro experiment 7 .................222 
xix 
LIST OF TABLES 	 xx 
A.11 Pressure readings for 100 kDalton fibres in single fibre reactor(SFR) 
operation. Expt 8.0 ................................223 
A.12 Pressure readings for experiment 9, using 0.1 pm fibres . . . . . . . . . . 224 
A.13 Permeability of 0.1 pm fibres in Expt. 9 ..................225 
A.14 Pressure readings for 0.1 pm fibres in cartridge operation. Expt 10.0 . . 226 
A.15 Permeability of fibres with flow inwards. expt 12 .............226 
A.16 Permeability of water into 0.1 pm fibres. Expt. 13 ............227 
A.17 Permeability of 0.1 pm fibre. Expt. 14 ...................227 
A.18 Pressure readings for experiment 15 .................... 228 
A.19 Permeability of 0.1 pm fibres expt.15 ....................228 
A.20 Pressure 1.5 p.s.i.. with 0.1 pm fibres flow-through. Expt 17.0 . . . . 229 
A.21 Permeabilities of fibres with 1.5 p.s.i.g supply pressure. Expt. 17 . . . . 229 
A.22 Pressure 2.5 p.s.i.g. with 0.1 pm fibres flow-through. Expt 17.0 . . . . 230 
A.23 Permeabilities for 2.5 p.s.i.g. supply pressure. Expt.17 ..........230 
A.24 Pressure 3.5 p.s.i.g. with 0.1 pm fibres flow-through. Expt 17.0 . . . . 231 
A.25 Permeabilities for 3.5 p.s.i.g. supply pressure. Expt. 17 .........231 
A.26 Pressure 5 p.s.i.g. with 0.1 pm fibres dead-ended. Expt 17.0 ......232 
A.27 Pressure readings for experiment 18 ....................234 
A.28 Permeability of 0.1 pm fibres in expt.18 ..................235 
A.29 Pressure readings for experiment 19, first set 	 236 
A.30 Pressure readings for experiment 19, second set ..............237 
A.31 Permeability of 0.1 pm and lOOkD fibres expt.19, first set ........238 
A.32 Permeability of 0.1 pm and lOOkD fibres expt.19. Second set ......239 
Chapter 1 
Introduction 
1.1 An Introduction to Hybridomas 
A short introduction on the reasons for producing monoclonal antibodies, and their 
biological origins is given. This is to give an overall appreciation of the subject and 
hence the uses of antibodies and the problems in producing them for an increasingly 
expanding market. 
The basis of all higher animal immunological systems is the recognition of foreign 
compounds, termed antigens. To these a complimentary compound is produced, called 
an antibody, which is highly specific in its binding capacity. Antibodies are glycoprotein 
products of a sub-set of white blood cells, B-lymphocytes. These cells are capable of 
producing a broad range of antibodies. This range is dependent upon previous exposure 
to antigens. 
The usefulness of an antibody outside the living system is its specificity in binding. 
Attempts to isolate antibody from animal serum result in a heterogenous mixture 
which is dependent on previous antigen exposure. These mixtures known as polyclonal 
mixtures, have had some uses, but have limitations due to the variability of each 
preparation. 
What would be more desirable is a preparation of a single antibody. A technique by 
Kohler and Milstein of Cambridge was described in 1975, to produce cells capable of 
continuous secretion of a single type of antibody to a predefined antigen. The technique 
involves the, fusion of two cell. Each of these cells have a desirable property; one cell 
being able to produce a particular product and the other type being a malignant cell 
1 
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which can replicate indefinitely given the right nutrients. So a hybrid cell produced by 
the fusion of these two cells would produce a cell which can continue replicating indefi-
nitely while producing the desired product. These hybrid cells are termed hybridomas 
and combine B-lymphocyte's ability to produce antibody, with the continuous growth 
properties of a cancerous cell. 
Monoclonal antibodies (MAb) can be produced against any compound which is recog-
nised as an antigen by the immune system. 
1.2 Uses of Monoclonal Antibody 
Their high selectivity of binding to specific antigens allows a range of applications. They 
can isolate minute quantities of specific antigens in the presence of components which 
may have chemical similarities to the antigen. Medical diagnosis using monoclonal 
antibody is available for identifying viruses, bacteria and parasites and also for blood 
typing. Increases in enzyme levels associated with coronary disease or brain damage 
can be detected. 
The use of radiolabelled antibodies as diagnostic probes for tumours can lead to simple 
means of mass screening of certain types of cancers, for example to test for possible 
relapse after breast cancer operations. Potential therapeutic uses are as immunosup-
pressives in human organ transplant operations. Another would be drug targeting 
therapy with 'magic bullets'. These would work by splitting a toxin between sets of 
antibodies which have specificity to the surface of a tumour cell. These antibodies 
would meet at the tumour surface and conjugate to form the toxin, killing the cell. 
Applications of monoclonal antibody inside the human body require the use of hy-
bridomas solely derived from human cells, otherwise the antibody produced is attacked 
by the body's immune system. These human-human hybridoma are very sensitive to 
their environment compared to mouse-mouse or human-mouse hybridomas ; therefore 
they are much harder to grow. So a system which provides uniform conditions could 
be particularly useful for these type of cells. (Experiments reported in this thesis use 
a mouse-mouse strain.) 
Antibodies from mouse-mouse, or human-mouse hybridomas can be used for diagnostic 
tests outside the body. Most of the antibody produced is for external use only, so the 
medical invasive market is still largely untapped and has the potential to grow over the 
next few years. Other obvious uses for monoclonal antibodies are in chromatography 
where the high specificity can be used to purify compounds such as interferon. 
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1.2.1 Initial Production Method 
Initially production of monoclonal antibody was carried out in the ascites of mice or 
rats (in vivo production). This method, apart from being unethical, is also labour 
intensive. The antibody when produced is in a pool of non-specific immunoglobulins 
which must be separated out during the purification process. Combining these problems 
with the large number of mice required to produce 1kg of product (circa 20000), makes 
alternative in vitro methods more attractive. 
1.3 Discussion on Contents of Thesis 
Production methods in general are discussed in Chapter 2, with Chapter 4 exploring 
the use of one particular method of production , that of hollow fibres. 
The first half of Chapter 3 tries to give a feel for the nutrients and conditions required 
for the cells, and the state of knowledge on cell culture kinetics. In the second half of 
Chapter 3 a brief look at possible control techniques for bioreactors is made. In the 
original remit of the research work control was to play a major part but it soon became 
clear that design, building and operation of equipment would require most of the time 
available. 
Chapter 5 gives a step by step history of the dual fibre bioreactor development. A 
patent([94]) for the construction method has been applied for using this chapter as 
the basis. This chapter also describes the reasoning behind the computer monitoring 
equipment bought. A number of experiments using the hybridomas have been carried 
out and these results are discussed at the end of this chapter. 
Hollow fibre reactors have never been as efficient as expected. To try and pinpoint 
some of the problems of fibre reactors a simple computer model was devised. Chapter 
6 examines the computer model and some of the results from it, as well as some other 
techniques to model the flow field around the fibres. 
The final Chapter, number 7, discusses the work carried out, with a list of conclusions 
and possible future work. 
Chapter 2 
Reactors for the Production of 
Hybridomas 
2.1 Introduction 
This chapter discusses the methods of production of animal cells and hybridoma cells 
in particular. 
2.1.1 Initial Method of Production 
The initial method for the production of monoclonal antibodies, the product from 
hybridoma cells, took place in the ascites fluid of a mammal, usually a mouse. The 
mouse is injected in the peritoneal cavity with hybridoma cells. During the next few 
weeks the abdomen becomes distended as the cells grow in the ascites fluid, increasing 
in volume to about 30 mIs. linmunosuppressed mice are chosen to avoid immune 
destruction of the inoculated hybridoma cells and the contamination of the monoclonal 
antibodies with other immunoglobulins. 
The advantage of such a production method is the high concentration of antibody, up 
to 10mg/mi of ascites fluid ([73]). Disadvantages for production are :- 
1. high labour costs involved in using animals. For example to produce 1 kg of 
product between 3000([73]) to 20000 ([74]) mice are required, which will have 
to be looked alter. To produce a similar amount of antibody in a suspension 
culture would require about 5000 litres of medium over a batch run, probably 
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lasting about 2 weeks, figures from McCullough et at [30]. In the purification of 
antibody from ascites fluid up to 50% of antibody is lost, so for production of 
pure antibody multiply the number of mice required by two. The purification 
losses for a suspension tank culture would be negligible. 
The required antibody is secreted into a pool of non-specific immunoglobu]ins and 
protein fractions. These molecules make purification of the antibody difficult. 
Any uses for antibody produced in this way would have to be nontherapeutic i.e. 
outside the human body, since it is not considered desirable to inject products 
which were originally produced inside another animal. 
These disadvantages are sufficient to make this production method uneconomic without 
taking in the obvious ethical considerations. 
2.1.2 Current Methods of Production 
Methods which rely on production outside of an animal body are termed In Vitro. Most 
modern techniques of production of monoclonal antibodies are in vitro, these methods 
should preferably provide :- 
product in high concentration. 
large scale production. 
easy control of culture environment. 
feed protein concentrations low so as to reduce purification problems. 
The following sections will discuss a number of successful in vitro production methods. 
Some methods are designed for anchorage dependent cells or suspension cultures or 
both. Anchorage dependent cultures require a surface to grow on and suspension 
cultures can grow freely in liquid without a solid support. The aim of the sections is to 
give a background to current methods of production and the problems associated with 
them. 
('p1k grow on side 
tile. 
Bottle cap allows air 
to enter. 
Medium 
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2.2 Roller Bottles 
This method of production was one of the earliest for anchorage-dependent cells and is 
still being used. It comprises of a bottle mounted on rollers figure(2.1), with medium 
partly filling the bottle. 
Rollers 
Figure 2.1: Diagram of roller bottle. 
As the bottle is rotated the cells which are attached to the sides of the bottle are 
alternately exposed to medium and air. 
Problems with this system are:- 
• The surface to volume ratio is low so large numbers of bottles are required to 
produce reasonable amounts of cells and hence product. 
• Roller bottle systems are cumbersome and expensive in labour and materials. 
• Variation in cell cultures obtained from a series of individual bottles makes moni-
toring of cellular kinetics and changing of growth environment very difficult. This 
prevents effective control and automation of the process. 
• Scaling up the process is by increasing the number of bottles, so savings which 
usually accompany increased scale do not apply. 
These factors have made roller bottles useful mainly on the laboratory scale work, 
though some commercial production still exists ([75]). 
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2.3 Microcarriers 
To increase the surface area to volume ratio a system was devised using small particles 
of solid material to which the cells could bind. This use of a solid particulate support 
was termed "niicrocarrier". One of the original particles used was dextran, Wezel ([76]). 
This initial use of microcarriers was successful, though bead densities of more than ig 
of beads/litre of media could not be used due to the inhibitory effects of the beads. This 
inhibitory effect was reduced latter by Levine ([77]), who altered the surface charge of 
the beads which allowed concentrations of 5g/l. It is not dear from the article how the 
alteration of surface charge allowed the increased density of the microcarriers, though 
it is probably a combination of two factors :- 
The poor attachment of cells to the sphere. 
The increased number of collisions of the microcarriers at higher bead concentra-
tions knocking cells off the beads. 
The poor attachment of cells on the dextran would only be observed when a higher 
number of collisions was experienced at the increased concentrations of beads. This 
effect may have been reported as an inhibitory property of the increased number of 
beads. 
Initially cells were expected to grow on the surface of the beads but now the use of 
porous materials allows penetration of the bead. The use of microcarriers is widespread, 
and produces products such as human and veterinary vaccines, /3-interferon and tissue 
plasminogen activator ([78]). 
Many types of materials have been used, with varying production methods. A number 
of commercially available beads are given in table(2.1): information was taken from 
Spiers ([79]) 
Materials other than the one's mentioned in the table(2.1), have been used, some of 
these have been tested by Reuveny et al ([78]). These include cellulose, polyacrylamide 
and polystyrene. The conclusion from these tests is that no-one general inicrocarrier 
is optimal for all purposes, so a degree of experimentation is required before deciding 
which is right for a particular cell line. 
Problems with microcarriers in cultures are :- 
CHAPTER 2. REACTORS FOR THE PRODUCTION OF HYBRIDOMAS 	8 
Trade Material Diameter Pore Size Void Volume 
Name  jm Diameter(pm) % 
Cultspher Gelatine 1) 170-270 50 50 
(Perceli Biolytia)  2)300-500 50 50 
Infomatrix Collagen 500 40 99.5 
(Biomat_Corp.) 
Microsphere Collagen 500-600 20-40 75 
(Verax_Corp.)  
Siran Glass 30-5000 10-400 60 
(Schott Glaawerke) 11 
Table 2.1: A table of some of the commercially available microcarriers. 
. Initial seeding of the microcarrier. 
• The transfer of cells from an inoculum tank to reactor vessel. This usually requires 
removal of the cells from the microcarriers before seeding them on a larger number 
for the bigger vessel. Since this transfer is fairly difficult, many companies use 
suspension cultures, if possible, up to the final inoculation stage. 
• The cost of the beads and the number of times they can be used depends on the 
materials of construction. The Siran beads are particularly good for sterilization 
and cleaning since they are made of glass. 
• Problems during cultivation of cells on microcarriers occur when collisions of 
beads knocks cells off the surface. This can be reduced by having a lower concen-
tration of beads which in turn reduces the number of cells which can be grown. 
Another method of using the beads is in a fixed bed on which the cells grow. 
Work by Spiers et al ([79, 80]) has established that cultures of densities between 1.3-4.0 
*107  cells/ml can be supported. These sort of densities should make production using 
this method very attractive. Another advantage with the more porous materials being 
used is that both anchorage dependent and suspension cell cultures can be grown using 
the same technology. At present the use of porous microcarrier technology is the most 
attractive technique being used for monoclonal antibody production. 
2.3.1 Summary 
The immobilization of cells in microcarriers permits high cell concentrations due to 
the high surface area to volume ratio. The possibility of using inicrocarriers for either 
suspension or anchorage dependent cells gives a high degree of flexibility for the type 
of cell line used. This flexibility allows the same reactor to be used for anchorage or 
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suspension cell cultures, though as pointed out the cell line may require a particular 
microcarrier to perform optimally. The main problems which seem to stop microcarriers 
from being used more often are the cost of the beads and the transfer from inoculum 
to production reactors. 
2.4 Hollow Fibre Reactors 
Reactors using hollow fibres are discussed fully in chapter 4. A brief description will 
be given here. 
Nutrient is supplied and waste taken away from the reactor by semi-permeable mem-
branes which are in the shape of capillary tubes. Cells can grow on and partly into the 
fibre material. The main advantage of this type of reactor is the high concentration of 
antibody which can be accumulated on the cell side of the reactor. This occurs due to 
the fibres having a pore size too small to allow the passage of antibody, though waste 
products such as lactate and ammonia can be excreted. The reactor performance is 
poorer than anticipated, and work to improve the design and modelling of the system 
has been continually carried out. The main use for the hollow fibre bioreactor has been 
laboratory scale production of antibody. 
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2.5 Airlift Reactors 
2.5.1 Introduction 
For most biological systems the use of stirred tank reactors has been the chosen pro-
duction method. Conventional stirring equipment used in these reactors kills animal 
cells, due to the shear forces produced by the violent mixing. The reason the cells are 
vulnerable is due to them not having a cell wall. This produced the need for systems 
which could provide a well mixed system without high shear forces. 
A few mechanical devices have been used which have low shear performance, these are:- 
• The marine impeller which has swept back blades compared with the straight 
faced blades normally used in bacterial fermentations ([83]). 
• The vibromixer which consists of a horizontal disk with conical holes, attached 
to a vertical shaft. This shaft moves up and down agitating the liquid. This 
method has been used by Tolbert and Feder at Monsanto ([81, 82]) and has 
proved successful in the cultivation of mammalian cells. 
• Another design used by Tolbert and Feder at Monsanto ([81, 82]) has a shaft 
with four flexible sheets attached to it which span the height of the culture fluid. 
This is now known as a 'sail' agitator. This method also proved successful in the 
cultivation of mammalian cells. 
These methods of mixing overcome some of the problems of the reactors which were 
originally designed for bacterial fermentations. The problems which are inherent in the 
mechanical mixed reactors are still there. 
High energy input. 
Complexity of construction, particularly in the seal around the moving shaft. 
General number of moving parts increases the likeliness of something breaking 
down. 
Careful calculations have to be made when scaling the process up. 
To overcome some of these difficulties the use of bubbles of air to provide mixing was 
suggested and hence was born the airlift fermenter. 
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2.5.2 Basic Principles 
The airlift fermenter can be configured in a number of different ways. The two main 
types are the inner loop reactor (figure(2.2)) and the outer loop reactor (flgure(2.3)).[84]. 
Off gas 
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Figure 2.2: Airlift fermenter with internal draft tube. 
The advantages of such a system over the conventionally mixed reactor are:- 
Low level of energy input. 
Good oxygen transfer potential. 
Low shear produced, so can be used for animal cells. 
The fermenter works by the pumping of air in at the bottom of the reactor, via a nozzle 
or perforated plate. This causes the liquid and air mixture to travel up the draft tube 
([85]). At the top the gas disengages from the liquid , the liquid is pushed to one side 
by the rising air/liquid mixture and flows down the outside(flgure(2.2)) of the draft 
tube or the outside loop in the external loop reactor (figure(2.3)). 
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Figure 2.3: Airlift fermenter with external recycle loop. 
2.5.3 Industrial Use 
For the production of hybridoma suspension cells many companies have used airlift 
fermenters. These include Bioscot, which is based on the Edinburgh University Kings 
Buildings Campus, and the largest producer in Britain, Ceiltech. The largest fermenter 
used by Ceiltech is 1000 litres, culturing cells in batch and fed-batch operation using 
serum free medium ([86, 87, 88, 89]). 
A quick description of what is meant by batch and fed-batch systems will be given. 
• Batch - this type of operation runs totally from the initial nutrients supplied at 
the start of fermentation. The cells eventually die due to the total utilisation of 
a limiting nutrient, or the toxic effects due to the build up of waste products. 
• Fed-Batch - This type of operation adds important nutrients during the fermen-
tation process. Eventually waste products build up sufficiently to kill the cells. 
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Both these types of production concentrate the product in the fermentation broth, 
allowing easier downstream processing. Another method which cau be used is the 
perfusion fed system. This adds nutrient continually, and takes away an equal amount 
of broth. This allows replacement of important nutrients, and the reduction of the level 
of waste products in the growing medium. This method also allows the continuous 
harvesting of product. This continual harvesting will be at a lower concentration than 
that of batch or fed-batch cultures. 
2.5.4 Summary 
The use of airlift fermenters has been shown to be effective and can be easily scaled 
up for larger volumes for increased productions. The main problem with the use of 
airlift fermenters is the low cell and antibody concentrations which can be achieved. 
The control and automation of the fermenters has been carried out by Ceiltech and 
reduced the number of operators required to about 1 per reactor. 
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2.6 Encapsulation 
This method of production for mammalian cells provides a semi-permeable membrane 
for a group of cells to live in. The advantages are that the cells are protected from 
shear forces, so a more vigorous system of agitation can be used in the fermenter. The 
cells inside this membrane (capsule) can grow to a high concentration. The technique 
is known as encapsulation and is used by Damon Biotech of Mass. USA ([90]). The 
advantage with this method of fermentation is that most of the medium can be washed 
away, leaving only the capsules containing the antibody and cells. These capsules can 
then be ruptured to produce a high concentration of antibody, making purification of 
the antibody easier. 
Materials used for the capsules are :- 
• Polylysine used by Damon Biotech, which provides an external wall enclosing 
medium and cells. 
• Alginate and gelatin, the gelatin reportedly giving a more open structure within 
the semi-permeable membrane and hence improving cell yields, Himmier et al 
([91]). 
• Agarose has been used by Mr. J.Wilson in work at Edinburgh University Chem-
ical Engineering Department, ([93]) and by Himmler et al, ([92]). This produces 
gel like matrix in the interior rather than the liquid interior of the Damon Biotech 
capsule. 
This type of operation is ideal for perfusion feeding of the reactor since the beads can 
be easily kept from escaping from the reactor ([92]). 
2.6.1 Summary 
The use of encapsulation techniques can produce higher cell concentrations than sim-
ple suspension cultures. Encapsulation also helps in the downstream processing of 
the antibody. Problems can arise when producing large numbers of beads in a con-
sistent fashion, some work on this area is being carried out within the department as 
undergraduate research projects. 
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2.7 Conclusion 
Methods of large scale production of suspension cultures have been realised success-
fully using airlift fermenters. The problem with this type of production is the low 
concentration of cells and products. To improve both cell and product concentrations 
encapsulation seems to show promise, though methods for large scale production of 
capsules still have to be perfected. 
For anchorage dependent cells, microcarrier technology has improved, making this tech-
nology ideal to produce high cell and product concentrations. Problems with micro-
carriers are the expense of the beads, and the seeding of these beads by cells. 
Hollow fibres, as will be discussed in a later chapter, have not lived up to the perfor-
mance originally expected from them. They are ideal for quick start up in a laboratory 
with no large scale facilities, they provide high concentration of antibody quickly. A 
market for easy start up and high antibody concentration could be expanded if some of 
the performance difficulties could be overcome. This makes the study of such a system 
relevant, either to improve the use of the reactor type, or to improve its abilities as a 
suitable small scale production unit. 
Chapter 3 
Growth Kinetics and Control 
3.1 Introduction 
This chapter discusses two main areas:- 
work on factors effecting the growth of hybridoma cells. 
a suitable control strategy for hybridoma cell bioreactors. 
These areas are closely related, with control needing good information on the param-
eters which effect the organism, and the analysis of these parameters requires experi-
ments to be carried out under uniform conditions. 
Many researchers have carried out work into the metabolism of hybridoma cells. The 
results seem to point to differences between cell lines. These differences probably exist 
to some extent, but are accentuated by the lack of a standard procedure which would 
allow comparisons to be made. Often research groups use different types of medium 
with their own additives. The use of different medium and additives, makes data 
difficult to compare. Speir and Griffiths ([79]) have both voiced this opinion, and point 
out that other areas of biology have already established certain standards. 
Another problem in comparing the results of different research groups is the use of 
varying units. The units are not fully expressed for example in the Bree et al paper, 
([56]) the units are expressed as (total cells/ml)/(mmol substrate). In fact the units 
are (total cells/ml)/(mmol substrate/ml). This leads to confusion since other groups 
use the first set of units also but mean the mmol substrate to apply to a litre of liquid. 
16 
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In another article the cell counts are made by weight ([71]) (without a factor to convert 
to other measures of cell count), while others quote cells/nil. A formal set of units 
would greatly help in the transfer of information in this field. 
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3.2 Requirements For Hybridoma Growth 
A discussion of the major substrate requirements follows, dealing with some general 
points raised by papers. This section does not try to go into detail since it is not 
necessary for the research within this thesis. Instead the section provides an awareness 
of the difficulties involved in providing a suitable environment, and subsequently the 
difficulties involved in control. 
The requirements for hybridoma growth are :- 
Oxygen, for respiration. 
An energy source. One of the easiest to metabolise is glucose. 
A nitrogen source. One which is easily metabolised and can be used as an energy 
source also is glutamine. 
Growth factors These can be produced by the cells , or produced externally and 
added to the medium. 
A supply of proteins. This is usually in the form of foetal calf serum (FCS). The 
problem in using FCS is that the composition varies from batch to batch, with 
not all the components known. It is therefore an undefined additive. 
A minimum cell concentration is required for inoculation of a reactor. Below this 
density the culture can take a long time to start growing, or can just die out. 
Temperature and pH are very important. This importance is due to the cells being 
derived from mammalian cells, and within a mammal's body, pH in particular is 
kept within strict limits. 
3.2.1 Oxygen 
Taking oxygen first, without oxygen life would be short for cells. In models of hollow 
fibre reactors (chapter 4,5) oxygen is the limiting factor. Oxygen can be measured by 
on-line probes (chapter 5) and is a very useful parameter to monitor the state of a 
cell culture since many basic metabolic processes require oxygen. For most cell types, 
if they have sufficient oxygen, the cells respire aerobically. This aerobic respiration 
means for most cells that a carbon source, such as glucose, is oxidised completely. The 
complete oxidation prevents the formation of toxic products like lactic acid. However, 
hybridoma cells produce lactic acid continuously whether supplied enough oxygen or 
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not ([20]). The production of lactic acid is usually associated with anaerobic (with 
no/or little oxygen) respiration of cells. For hybridoma cells which are grown under 
low oxygen concentrations (below 0.5% dissolved oxygen), the glutamine is incompletely 
oxidised [62], and effects the production of amino acids. The incomplete oxidation of 
the glut amine , which produces energy also, causes an increase use of glucose with a 
subsequent increase in lactate production [62]. The disruption of amino acid production 
and the increase in lactate concentration probably combine to kill the cells. 
A measure of oxygen use, used by researchers and industry is the the Oxygen Con-
sumption Rate(OCR) ([61]), defined as :- 
OCR = Flow (D021 - D02) 
where:- 
D02i,, and 1)02 are the dissolved oxygen concentrations in and out of the reactor. 
For instance in the hollow fibre bioreactor the measurements before the reactor, and 
in the waste stream would be required, the flowrate of the media out of the sink fibres 
being also required. 
OCR can be related to the cells by dividing the OCR by the cell number: this is used 
by Yamada et at ([60]). In Yamada's experiments it was shown that as cell density 
increased the OCR per cell decreased. 
Another parameter which effects oxygen consumption is cell growth and product man-
ufacture, and both these processes are effected by the oxygen concentration. These 
effects were studied by Mifier et al ([62]) who found that :- 
• Cell growth and viability was a maximum at a dissolved oxygen concentration of 
0.5% of saturation. This maximum is probably due to the cells being damaged 
less by free oxygen within the medium. 
• Antibody production was a maximum at a dissolved oxygen concentration of 50% 
of saturation. 
With the cell concentration effecting oxygen utilisation and oxygen concentration effect- 
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ing cell growth and product manufacture it is likely that different parts of the reactor 
will have cells at sub-optimum performance. To reduce such problems, reactors should 
be carefully designed, with ease of control in mind. 
3.2.2 Medium Constituents 
Much work has been carried out on the nutrient requirements provided in the medium, 
other than oxygen, for hybridoma cells. This section tries to point out a few important 
considerations for control systems. 
One of the most comprehensive studies carried out into culture kinetics of hybridoma 
cells is by Glacken et al ([58]). The experiments carried out cover a number of different 
components in the medium. Statistical techniques were then used to show the impor-
tance of certain medium supplied nutrient and metabolic product concentrations. It 
was found that lactate was the only environmental variable that significantly inhibited 
antibody production. Ammonia was found to inhibit growth. Glacken et al hypothe-
sised that ammonias' inhibiting effect was due to the destruction of the electrochemical 
gradient due to the ammonias basic nature. This was based on the belief that unionized 
ammonia was the actual inhibiting molecule, not the ammonium ion. 
The equation derived by Glacken et al is shown below (equation(3.1)). 
/Amax * S.G 
/1 = [S + (K40X — ][G + KG][1 + 	+ 	
(3.1) 
where :- 
= specific growth rate and 1m  is the maximum specific growth rate. 
K is the Monod constant for Glutamine, Foetal Calf Serum, Lactate, Ammonia (with 
subscripts G, S, L, A respectively. 
G, 5, L, A are the concentrations of Glutamine, Foetal Calf Serum, Lactate, Ammonia 
respectively. 
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X = cell number/mi. 
From this equation it can be seen that only glutamine, ammonia, lactate and serum 
concentrations are considered important. The glucose concentration was totally ig-
nored, whereas the Bree et at (chapter 6) model does not take into account the serum 
concentration but considers glucose important. These are only two examples of many 
models, but it highlights the difficulties involved in covering all medium constituents. 
Neither group analyse the oxygen usage, and as already pointed out this can have pro-
found effects on cell growth and antibody production. The importance of monitoring 
oxygen for instance is the impact it has on many of the metabolic paths. So any change 
in the oxygen concentration could change the utilisation rate of another substrate. 
Work concerning serum concentrations is expanded upon by Glacken et at in another 
paper ([63]). In the equation(3.1) the apparent Monod constant term for serum - 
(Ka )oX , was found to be inversely proportional to the cell density, whereas the 
maximum growth rate was independent. This implies that if the cell density is 
high the effect of serum is less than that found when the cell concentration is low. A 
number of hypothese by Glacken et al([63]) have been tried out to explain this effect. 
The work on these different hypothese by Glacken et al([63]) has shown that the cell 
level dependancy is related to the thiol content and/or the oxidation/reduction state 
of the medium. The reason put forward for the increased growth rate at higher cell 
concentrations is that the cells mediate the reduction of a rate limiting thiol that is 
spontaneously oxidized with time in the culture medium. 
In conclusion, it is observed from work by Glacken et a4[63]) that the serum's activity 
decreases with time but can be stabilised by alterations in the medium formulation 
to lower the oxidation/reduction potential. This can be achieved by addition of thiols 
and elimination of disulphides from the medium. It is also suggested that thiols (i.e. 
cysteine) are rate limiting when low concentrations of serum are used. This assumption 
is based on experiments where the addition of thiols produced a marked increase in 
growth. At higher cell concentrations this increase in growth effect was less pronounced 
in low serum medium. 
Other workers have studied the requirement for foetal calf serum. Among these Low 
et at ([64]) found that FCS can be absent from the medium for some cell lines as long 
as human albumin and transferrin were added. 
The advantages of using medium which does not require supplementing with FCS are 
many, the main one being cost. Other advantages include consistency in medium supply 
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since foetal calf serum can vary from batch to batch. Also if a defined medium is used 
then it is easier to analyse the metabolic products and requirements of the cells, since 
all concentrations of nutrients are previously known. 
The model derived by Glacken et at ([58]) and by Bree at al ([56]) (see chapter 6) 
have inhibition terms for high lactate and ammonia concentrations. Recent work by 
Jo et at ([65]), found that if the medium is suitably fortified then previously inhibitory 
concentrations of lactate and ammonia could be well exceeded. To fortify the medium, 
five times the amino acid, vitamins and glutamine, and two and a half times the glucose 
concentrations were added. To maintain the osmolarity of the medium sodium chloride 
was reduced. The results produced high concentrations of cells, up to 1 * iOT cells/ml 
in a stirred flask. The reason given for fortifying the medium to such an extent, is that 
most medium preparation are designed for low cell concentrations, and so can restrict 
growth. The results may be particular to the cell line used, but further work win have 
to be carried out. 
The previously reported limiting values of ammonia and lactate can be also be exceeded 
if pH control is applied ([30]). 
It is obvious from the discussion so fax that the knowledge of the kinetics of hybridoma 
cultures is still in a state of flux, with many possible developments occurring in the 
future. This could include work not mentioned so fax into the field of artificially in-
creasing the concentration of growth factors within the medium. This increase will 
hopefully enhance cell growth rate and antibody production. Work carried out in this 
field is attracting much interest. Results from Pendse et at ([66]), using Interleukin 2, 
has produced an increase in antibody yield with no change in growth rate. 
3.2.3 Summary of Discussion on Growth Models 
With all the different areas of research being carried out into the kinetics of hybridoma 
culture, using various cell lines in different reactors, taking into account different pa-
rameters, modelling and control work for the dual hollow fibre reactor is made difficult. 
It is quickly seen that a flexible approach should be taken to both, with work on control 
being examined more as a case for trying out different modes to see which is best suited 
to biological systems. 
Some important considerations are highlighted throughout the discussion, these are:- 
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Oxygen is required throughout the reactor, so special care has to be taken if 
diffusional flow is relied upon. 
An energy source is required. One of the easiest tometabolise is glucose so studies 
on this should help control decisions. 
Glutamine is a good nitrogen source and is used in almost all medium prepara-
tions. 
Monitoring the build up of possible inhibitory products such as ammonia and 
lactate should be carried out frequently. These measurements can also be used 
to back up the measurements for glucose and glutaxnine once a growth model has 
been developed. 
Measurements of antibody production will be required , first to determine harvest-
ing of product, and secondly to identify possible inhibition effects on production 
of antibody and growth rate. 
The control of pH of the medium is very important to the cells, which cannot 
withstand extremes of pH. 
The pH and oxygen can both be monitored by steam sterilizable probes. The 
other parameters mentioned can be measured using laboratory assay techniques. 
To build up effective models of growth kinetics, as many parameters should be 
monitored as possible, with cells in as uniform an environment as possible. In this 
way detailed models of a cell line's performance can be built up. These models 
can then be used in programs such as the simulation program written by the 
author, to give predictions on a reactors performance. The hollow fibre reactor 
seems an ideal tool for experiments on culture kinetics since a uniform nutrient 
concentration should be possible within the reactor, and a supply of nutrients at 
a pseudo steady state is easily provided, if desired. 
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3.3 Control 
3.3.1 Introduction 
This is a brief discussion on control with reference to the biological system discussed 
previously. It is not a resume of all current work but a collection of ideas gathered 
from reading and listening to discussions on bioreactor control. 
In the area of bioreactor control many parameters which would be desirable to measure 
are difficult to attain. The difficulties include: off-line measurements with a long lag 
time (laboratory samples) or direct measurement impossible due to inconsistencies in 
tests or cost of, and unreliability of, measuring equipment. It would be desirable to 
have a model which could estimate parameters from existing measurements. This 
requires time to build up information and, as shown earlier ,  in this chapter, can depend 
very much on the medium and hybridoma strain used and non-uniform conditions 
throughout the reactor. Conditions other than medium and cell strain which effect the 
growth of cells are the shear stress caused by violent mixing and gas/liquid interface 
movements within the reactor. 
3.3.2 Some Control Methods 
Kalman and Extended Kalman Filter 
One method of control which could be used would be an inferential technique using a 
Kalman filter. A Kalman filter works by using measurements to estimate immeasurable 
quantities by means of a model. The Kalman filter is a mathematical procedure which 
has a feedback loop to continually minimise the difference between the actual me&-
surements on the process and a prediction of the measurements made using a model. 
Another method is the extended Kalman filter (EKF). The EKF can cope with non-
linear systems while the Kalman filter deals with linear problems ([72]). The EKF 
can also cope with adaptive structures as well. Numerical problems and convergence 
difficulties have been experienced with the EKF: Morris et al ([67]). Despite these 
difficulties some successful applications have been reported: Morris et al ([67]). Prob-
lems arise for both the Kalman filter and the extended Kalman filter due to variable 
growth regimes which are poorly modelled, ill-known process disturbances and noise 
characteristics invalidating the process description. As discussed earlier in the chapter 
the growth kinetics for hybridoma cells are still being analysed, so making this type 
of control less attractive due to the poor models available. To overcome these prob- 
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lems an adaptive estimator technique could be used. Utilising the EKF's ability to use 
adaptive models , an adaptive estimator technique could then be used to modify the 
control model([67]). 
Neural Networks 
Another area of interest which has been used for black box modelling and control of 
biological systems is neural networks: Cooney et ak[68])  and Montague([69]). These 
require previously collected data to train the neural network, care being taken that the 
data is representative of all likely circumstances. Several types of neural newtworks are 
available. Work by Kramer et at ([70]) has produced what is termed a ',Radial  Basis 
Function Network'. This type of neural network can be trained to spot possible failures 
in equipment, and flag the operator. 
The use of neural networks does not require a deep understanding of the physiology of 
the organism, it works by a best fit line to existing data from all available measurements 
for the system. In this way it could be a very useful tool for hybridoma cultures in a 
new type of bioreactor, once data has been acquired. 
Discussion on Control Strategies 
A problem with any control system is robustness. This is particularly true for biological 
systems since the wrong timing of nutrient supply may kill off the cells or effect the 
growth for a number of days after the event. This may restrict the use of control 
strategies with this new type of reactor especially, since the acquisition of sufficient 
data may take a long time because the design of the reactor is still changing. 
To sum up, the use of a Kalman filter looks an attractive method, with much interest 
being shown in this field from industry([51]). The reasons for starting with a Kalman 
filter technique would be to give a grounding in straightforward control work before 
moving onto the use of adaptive methods. 
3.3.3 Present and Future Work in Control and Modelling 
The type of control which has been implemented for the reactor setup is very straight- 
forward. The only parameter which is controlled is pressure. This uses a simple propor- 
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tional and integral control algorithm to maintain setpoint. Another parameter which 
will come under automatic control will be pH, probably using an on/off control system 
supplying alkdi([36]). The addition of medium to top up depleted substrates, such 
as glucose and glutamine, could become automated but would either be governed by 
off-line measurements and hence operator control, or carried out on a timed basis. If 
media addition and removal could become automated, this would reduce contamination 
problems if sufficient equipment was available. 
Control of oxygen supply can be regulated by the flow through.the reactor, and this flow 
is pressure driven. This control will require information on the flow, and at this stage 
it is a problem for the interfacing equipment (chapter 5). When information on flow is 
available then the oxygen readings and flow readings can be combined to estimate the 
number of cells within the system. These readings can be used to govern the supply 
pressure and hence the flowrate and oxygen transfer to the reactor. 
Now that a working reactor with monitoring equipment has been assembled, control 
and modelling seem to be the next step on the research program. The decisions which 
have to made are :- 
• What type of control strategy should be employed in the short, medium and long 
term. The latter would probably involve the use of some adaptive technique. 
• What experiments have to be carried out to produce a suitable model for control 
in the long term. 
• What modifications to the reactor design will be made, and how these effect 
control strategies. 
Chapter 4 
Hollow Fibre Reactors 
4.1 Introduction 
The aim of this chapter is to outline the different hollow fibre reactors which have been 
considered. The design of the reactor will be examined with a view to the environ-
ment it provides for the cells, taking information from experimental and commercial 
reactors where possible. Part of the analysis will be concerned with the models used 
to describe the reactors, and their relevance to actual results(concentric tube reactors 
in particular). 
4.2 Single Fibre Bioreactors 
4.2.1 Conventional Operation 
The original concept of a fibre reactor was proposed by Knazek et at [1]. The principle 
was to simulate the in vivo growth of cells, the hollow fibres acting as a pseudo blood 
supply system. Nutrient is supplied by perfusion through the membrane, feeding the 
cells, with the waste perfusing back into the fibres and being removed. The conventional 
mode of operating the reactor is with cells in the area outside the fibres (extracapifiary 
space), and nutrient flow along the fibres: flgure(4.1). 
This type of operation produces Starling flow (axial flow) along the reactor: figure(4.2). 
This has been shown by Piret et at ([2]) and Hammer et at ([3]). This type of flow causes 
nutrient gradients and accumulation of cells or high molecular weight products at the 
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Figure 4.1: Single fibre reactor in conventional operating mode 
exit end of the reactor. This mode of operation however is the one recommended by 
manufacturers ([4]) and as such is the most commonly used. 
FIBRE WALL 
LET FLOW TO \ \ 
FIBRE   OUTLET 
- 
,1 
Induced Axial Flow 
(Starling Flow) 
Figure 4.2: Starling flow in conventional operation. 
Results from conventionally run reactors have not been as good as anticipated ([79]), 
which may be due in part to the Starling flow. To show how such flow could affect the 
performance of the reactor let us take two examples. 
Cells are fixed in space by a matrix (collagen, for example). 
Cells are free to move. 
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Taking the first situation , if cells are fixed in space then the flow going from one end of 
the reactor to the other will mean that cells at the feed end will receive fresh medium. 
The further down the reactor the more depleted the nutrient flow, 80 the cells at the 
exit end could suffer from nutrient starvation. Another possibility with this situation 
is that growth factors and other high molecular weight proteins produced by the cells 
are carried away from the feed end of the reactor and accumulate at the exit end. This 
has been observed by Piret et at ([2]). This accumulation may cause the cells at the 
feed end to be starved of important growth factors. 
Taking the second situation, if the cells are not fixed then they too may be carried by 
the axial flow down to the exit end of the reactor. Again the results by Piret et at ([2]); 
who did not use a matrix, point to this. 
Either way the accumulation of products and cells has been observed to occur at the 
exit end of the reactor and this in turn may lead to a combination of physical blocking of 
the fibres or the concentration polarisation of the membrane. To overcome this problem 
of a heterogenous mixture, a periodic alternation in the direction of flow would help 
give a more homogeneous mixture. This was carried out by Piret et ci ([2]) and gave 
a four fold increase in productivity. 
4.2.2 Cross Flow Operation 
Other modes of operation exist for single fibre reactors. For example work carried 
out by Patankar et at ([5]) growing hybridoma cells, used what is termed crossflow 
ultrafiltration ([6]). This involved the feed flow going into the shell space first and then 
out through the fibre lumen (4.3). 
With cross flow reactors the cell growth occurs in the spongy matrix of the fibres, with 
an even supply of nutrient passing from the shell into the fibre lumen producing a 
uniform growth along the fibres. The results from Patanka.r et ci ([5]) seem good , but 
the big disadvantage of the design is the low ratio of growth to reactor volume. This 
reduces the effective cell concentration. Correcting this, by increasing the number of 
fibres so that they are touching, may resurrect the diffusional limitations which it is 
designed to alleviate. 
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Figure 4.3: Cross flow operation of single fibre reactor. 
4.2.3 Modelling of Single Fibre Reactors: Some Problems 
Modelling of these type of reactors has been practised since their inception. These 
models do not seem to have advanced in their treatments of the system until recently. 
Problems in modeffing this system lie in a number of areas. 
Non-uniform spacing of the fibres. 
Changing pressure in lumen in the axial direction. 
Induced axial flow within the reactor shell (Starling flow). 
Possible fouling/polarisation of fibres in the system. 
Complex growth kinetics of cells. 
The effect of hollow fibre cutoff on the shells' contents with time. (i.e. the 
accumulation of products and the exclusion of some nutrients.) 
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To illustrate some of these difficulties a discussion will follow, preceding a description 
of some of the models which have been derived for the single fibre reactor. 
Taking the list of problems; 
Item 1, concerning the maldistribution of fibres, covers the difficulty in ensuring that 
fibres do not touch, or that dead areas do not arise due to fibre movement. A uni-
form bundle has proved difficult and according to Chresand et al([9]), impossible to 
manufacture due to the close proximity of fibres required for diffusional transport of 
nutrient. 
Item 2 , the pressure drop in the fibre lumen, has recently been covered by some models, 
see the next section for further discussion. 
Items 3 and 4 have been discussed already, with regard to Starling flow by Piret et al 
([2]) for fouling see (chapter 6) the experimental results for fibre runs and the earlier 
discussion. 
Item 5. Growth kinetics of hybridomas are not fully understood but many complex 
models exist for them which take into account many substrate and product limitations 
(chapter 5). These more complex models of growth are not used on the whole by 
simulators of the reactor. Instead they use either zero order kinetics, or a Monod 
dependency on one substrate, usually oxygen. 
Item 6 is the alteration in the shell side constituents with time. A study by Altshuler 
et al ([7]) compared the performance of three reactors with different fibre cut-offs. The 
value of cut-offs used were 10, 50 and 100 kdalton. The results showed that the higher 
the cut-off value the higher the Imniunoglobulin G (IgG) concentration, IgG yield per 
cell and IgG accumulation rate. These results could be due to two possible reasons :- 
High molecular weight nutrients cannot get through to the growing region of the 
reactor when a low molecular weight cut-off fibre is used. 
or 
High molecular weight products accumulate in the growing volume and cause 
growth inhibition. This occurs when a low molecular weight cut-off fibre is used 
which prevents them from exiting. 
An example of the first would be the exclusion of some constituents in the foetal calf 
supplement used in the feed. For the second, work by Kidwell ([8]) suggests that an 
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inhibiting compound in conditioned medium,transforming growth factor 6 (TGFI31), 
which has a molecular weight of 25 kdalton, can form into a high molecular weight 
complex. 
Both effects are probably present and to clarify the situation further work is required. 
Either way, as high as possible molecular weight cut-off fibre should be used, as long 
as it does not counteract the reactor's objective. i.e. if accumulation of product is 
required within the shell space then a suitably small pore size for the fibre should be 
picked. 
4.2.4 Models for Single Fibre Reactors 
The models often start with the continuity equation and the equations of motion and 
simplify them by making assumptions. Often these assumptions are too wide ranging 
making the model unrealistic. These will be discussed briefly, followed by the slightly 
more realistic models- which appear in other sections of this chapter (dual-fibre reactor 
models). 
Initial Models 
Some of the early groups ([9, 10, 11, 12]) attempted modelling the reactor assuming 
that radial diffusional flow was the only significant transport process. As mentioned 
Starling flows have been shown to affect the reactor significantly, and so this assumption 
is unsound. Other important considerations which are assumed in these models: 
Constant flux in/out of the fibres, even though the pressure changes along the 
fibre length, and therefore causes a changing flux. 
Simple growth kinetics. 
No fouling of the fibres. 
The assumption of no axial flow and a constant flux causes most of these models to be 
2-dimensional solutions. 
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Pressure Drop Models 
Terril ([13]) derived a mathematical solution to the flow along a hollow fibre, which 
takes into account the pressure drop along the fibre and the flow in and out of the fibre. 
The model does not deal with cell growth. Models of the bioreactor which take account 
of this pressure drop have been those of Brotherton et a! ([14]) and Burns ([15]). Both 
these groups are working with dual fibre reactors, but some models of a single fibre 
reactor have been elaborated. 
The equation(4.1) derived by Brotherton et al for a single fibre reactor is given below 
with a graph of the pressure Figure(4.4). 
P(z) = P. + (1 - P.).cosh(a.z) - /3.3inh(a.z) 	 (4.1) 
where 




a = L\/ 16 Am 	 (4.3) 
Symbols used :- 
P(z) = Dimensionless pressure in the fibre lumen at dimensionless axial position z. 
a = Pressure Modulus, defined by equation(4.3). 
P. = Shell pressure of reactor (dimensionless). 
L = Length of fibres (m). 
p = Viscosity of liquid (Ns/m). 
A m = Permeability of hollow fibre membrane (m3/m 2.s.Pa). 
R = Radius of hollow fibre (m). 
As can been seen from the graph(4.4) the pressure does not necessarily drop linearly, 
especially when the reactor has a high a value. Even though the model is an improve- 
ment on its predecessors it still simplifies the situation by assuming no Starling flow 
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Figure 4.4: Graph of pressure versus axial position for single fibre reactor. 
and no fouling of the fibres. Another assumption made is that permeability into and 
out of the fibre are the same. This assumption may be wrong since results in Chapter 
6 show that the shell pressure is higher than would be expected if this were true. Ad-
mittedly it is a tough task to model the reactor adequately but it seems unreasonable 
to ignore experimental results which show that a particular assumption is invalid. 
Limiting Nutrient 
In all the models with growth kinetics incorporated, oxygen limitation is the most 
important factor. The ideal distances calculated for the spacing of the fibres, allowing 
for the diffusional limitation of oxygen, are too small for fabrication techniques([9]). 
This implies that this type of reactor will be unable to overcome its nutrient supply 
limitations. 
4.2.5 Operation of single fibre reactor 
The limitations of the single fibre bioreactor can be overcome in part by changing 
the operational mode. This was evident in the work carried out by Piret et al ([2]), 
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which reported a four fold increase in productivity with the periodic reversal of flow to 
produce a more homogeneous mixture within the growth volume. 
Another suggestion, used for an enzyme reactor, was to use a flow swing operation: 
Kim et al and Park et al ([17, 18, 16]). The operation induces an ultrafiltration swing 
in the shell side of the hollow fibre module. This is carried out by having the in flow 
to the reactor change with time, oscillating between a high and low value, while the 
outlet flow is kept to the average of the inlet flow. The difference between the inflow 
and outflow at any time appears as ultrafiltration i.e. when the inlet flow is low, liquid 
in the reactor module flows out, when the inlet flow is high, flow crosses the membrane 
into the reactor. This mode of operation is achieved by having a reservoir attached to 
the reactor module which allows the volume of liquid to vary. This method probably 
works due to stopping, or reducing the build up of fouling or polarising layers on the 
fibres. This system would be analogous to using a peristaltic pump at a low frequency. 
4.2.6 Conclusion on Single fibre bioreactors 
The reactors do not perform as well as expected, with little likelihood of large scale 
production being possible using the available units. For lab-scale use they provide a 
neat but costly solution with many of the reactors being used once only. 
Modelling of the system has done little to discover the important parameters which 
constrain this type of reactor. It is the experimental work with Nuclear Magnetic Res-
onance (NMIt) ([3, 38, 39, 40]) to monitor cell concentrations over the cross-section 
which seems to be giving a new perspective, and the possibility of improved productiv-
ity. In the long term single fibre reactors will be left behind by other types of reactors 
in the growing of hybridoma cells. 
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4.3 Concentric Tube Reactors 
This type of reactor has an outer casing enclosing a series of tubes which can either 
be a hollow fibre or a gas exchange membrane tubule. Within each of these are one or 
more hollow fibres or gas exchange membrane tubules: diagram(4.5). The volume of 
growth is between the inner and outer tubules. 
Gas or Medium 
Inlets 
Fibre or Silaslic Tubule 	 Inoculum Port 
Growth Volume 
Figure 4.5: A concentric tube bioreactor layout. 
In these reactors the growth region is only a short distance from the fibre wall, so 
reducing the diffusional/convectional distance. 
4.3.1 Concentric reactors using permeable silicone tubules 
The reactor used by Robertson et al ([19]), has three gas permeable silicone tubules 
within a hollow fibre. The silicone tubules supplement the oxygen provided in the liquid 
feed, by allowing gases to diffuse across the silicone membrane. The organism used was 
Streptornyces aureofacus, which experienced no oxygen limitation within the reactor. 
To show this, parallel experiments were carried out with a pure oxygen supply to one 
reactor and an air supply to the other, with no significant difference being noted. 
A similar design was used by Chang et al ([21]), with the silastic tubing being on the 
outside and one hollow fibre inside. An enzyme, glucose oxidase, was retained between 
the tubules. The results are good with little oxygen limitation. 
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With both these reactors the applicability of the results to Hybridoma growth should 
be questioned. Hybridoma cells are more aerobic and sensitive to other factors than 
the two systems mentioned. Problems with a fibre running through the silastic tubule 
may occur due to the similarity of the system to a single fibre reactor with an extra 
oxygen supply. This similarity can be shown by reducing a single fibre reactor down 
to one fibre contained inside a solid shell. The solid shell in this case is the silicone 
tubing. So problems mentioned in the previous section could appear in this type of 
configuration. 
4.3.2 Concentric Reactor using hollow fibres only 
Another configuration which has been used to cultivate hybridoma cells has an inner 
and outer tubule both made from hollow fibres (Cima et at [22]). This type of reactor 
is now produced commercially by Setec ([23]). Both report god results with figures 
for cell density for a murine Hybridoma of 5 - 6 * 10 8  cells/ml with 85 % viability 
(figures from the Setec brochure). The distance between the outside of the inner fibre 
and inside of the outer fibre is only 0.2 mm. The mode of operation has the inner fibre 
held at a higher pressure than the shell space causing convective as well as diffusional 
mass transfer. 
Problems with the reactor arise from the small space available for growth of the cells 
compared to the overall size of the reactor. This is offset to some extent by the high 
cell concentration achieved. The use of large pore fibres provides no concentration of 
the product within the reactor. If a smaller pore sized fibre were used the extraction of 
product would be difficult due to the disturbance of cells, possibly moving them into 
dead regions of the reactor. 
Overall this design seems to overcome many of the limitations of the single fibre reactor, 
using a combination of convective and diffusional mass transfer. 
4.3.3 Reactor Model: Concentric Tube Reactor 
A model for the reactor with two hollow fibres being used as the inner and outer tubules, 
has been produced by Cima et at ([22]). The set up is shown in figure (4.6). 
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Figure 4.6: Top figure, reactor layout, Bottom figure arrangement of fibres. 
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An unlikely assumption made for the system is that negligible pressure drop occurs 
along the reactor, particularly in the fibre lumen. For a fairly long reactor the small 
diameter of the fibre would cause large pressure drops. The kinetics used to describe 
cell growth is a zero order consumption rate of substrate. The kinetics could have been 
better described by a Monod type equation. 
The model is contradictory in that it assumes a uniform cell growth distribution 
throughout the reactor in the first section, and then deals with a non-uniform cell 
distribution in the next. Analysis of non-uniform cell distribution is difficult, with 
many simplifying assumptions required. The results do highlight many of the problems 
which are sidestepped in other papers. 
Cell resistance to mass transfer 
An equation(Cima et at [22]) is set up which calculates the fraction of liquid which would 
travel through pores in the bulk cell mass, compared to the amount which would diffuse 
through the cells. The parameters involved include a, which is the volume fraction filled 
by the cells. The rest of the volume is composed of cylindrical channels of radius b 
through which the pressure drop is described by the Hagen-Poiseuille equation. 
qu—mass 	% ( 1 - & () In







% = hydraulic conductivity (cm 2 ) 
Using the equation (4.4), the fraction of flow through the cell mass is about 10-12  for 
0.1 mm diameter pores, with 95% of the reactor filled. This is highly idealised view of 
non-uniform growth, but it illustrates the importance of resistance of the cell mass in 
estimating the benefits of convective mass transfer. To show the effects of convective 
flow with different idealised sets of cell distribution a set of equations were derived. A 
set of diagrams (4.7) show the different situations used. The cells are set out in four 
configurations, along with the simplified geometries are the assumption of zero order 
kinetics. The disadvantage of zero order kinetics are :- 
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Concentration levels affect the utilisation rate. 
Only one substrate is considered. 
The age of the population is not considered. 
reference Dimensionless Range of b (cm) Range of b (cm) 
to figures concentration profile Cmsn > 0.5 Cmin > 0.1 
a c = 1 + çx2 - * 2x 0.005 < b < 0.017 0.002 <b < 0.023 
b c = 1 +- 1) b = 0.005 b = 0.005 
+x 
a(1+ç) 
0.15 <a < 0.45 0.1 <a < 0.35 
c c = 1 - 	- x2 ) 0.009 <b < 0.029 0.012< b < 0.039 
d same as (a) same as (a) same as (a) 
Table 4.1: Concentration profiles for non-uniform cell growth. (c is the dimensionless 
concentration 
Where :- t2 = CLDt 
CL = concentration of species L 
D t = Diffusion of species L in tissue 
b = distance 
Q = zero order consumption rate of substrate per unit volume of cell mass 
For case d), even layer, it is assumed that the surface is dose to a flat slab. 
However the results from the equations in table (4.1) are interesting. The cell dis-
tribution which has been reported in hollow fibre bioreactors is of roughly spherical 
nodules , observed by Ku et al ([25]). These nodules had diameters just under 1  
which agrees well with the results from the above equations in table(4.1). Some of the 
equations in the table(4.1) can be found in Satterfield ([24]) 
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Figure 4.7: Idealised patterns of cell distribution. See table 4.1 for derived equations. 
The values given for the even layer would be comparable to that derived for the single 
fibre reactor by Chresand et al ([9]). If the reactor is filled with nodules as postulated 
then a high concentration of cells can be achieved. Further discussion on this area will 
take place in chapter 5. 
4.3.4 Operation of the concentric tube reactor 
In the operational description by Cima ([22]) the higher pressure supply is into the 
lumen of the fibre. If a reasonably long reactor was used the pressure drop along 
the fibre length would cause the pressure profile to be very uneven, and hence the 
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nutrient supply. In the worst case the shell pressure could become greater than the 
lumen pressure, causing a section to have negligible flow across, before full flow in the 
opposite direction was reached. Another problem could be the reactor acting slightly 
like a single fibre reactor, producing Starling flow in thegrowing volume. These effects 
could be avoided somewhat by having the higher pressure stream in the shell (assuming 
that the shell has a comparatively large cross-sectional area compared to the total area 
of the tubes), with no or little flow in the fibre lumen. 
The design also impares the direct sampling of the cells, so the state of the culture can 
only be inferred. This will probably not be a major problem in the production of the 
antibody, but may restrict the use of the reactor in the studies of cell cultures. 
4.3.5 Conclusions on the Concentric Tube Reactor 
To sum up, the close spacing (0.2mm) between the fibres allows a good nutrient flow 
which has both convective and diffusional transport components. The concentrating of 
the product has unfortunately to be done outside of the reactor, but the high concen-
trations which can be achieved make it an ideal reactor for the laboratory, especially 
since it can be cleaned and autoclaved, so making it re-usable. For commercial reactors 
though the small growth volume compared to overall volume make it unlikely to be 
viable for large scale production. 
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4.4 Dual Hollow Fibre Bioreactors 
4.4.1 Introduction 
These types of reactor have two sets of fibres with complementary functions. 
The first set of fibres (source) supplies the growth region with nutrient. 
The second set of fibres (sink) takes away the depleted medium. 
This idea was first put into a design by Knazek et al ([26]), and is analogous to the 
blood system found in mammals. The source fibre acts as the arterial system, and 
the sink fibres as the venous system. Like the concentric' 'tube reactor, the dual fibre 
reactor uses convective and diffusional mass transfer. A pressure difference between 
the two sets of fibres produces this, with the source fibres at the higher pressure. 
The design originated due to the single fibre reactors not producing the cell concen-
trations and product which were anticipated. The poor performance was put down to 
non-uniform supply of nutrient causing a heterogeneous mixture. To improve perfor-
mance, the elimination of Starling flow and the use of convective mass transfer had 
to be introduced. Both of these attributes should be met by the dual fibre reactor. 
Reports of successful operations of a dual fibre reactor seem to be restricted to Burns 
([15]), i.e. within this department. These results will be discussed later. 
The following section deals with some of the designs using the concepts embodied within 
the reactor's description, by other groups during the last few years. Compared to the 
single fibre reactor little has been published, so each paper will be treated separately. 
4.4.2 The Central Feed Distributor Reactor 
This reactor was proposed by Tharakan et al ([27]), and comprised a central feed 
distributor (CFD) surrounded by a uniform layer of sinks (hollow fibres) figure(4.8). 
A model was developed in the paper describing the system shown in figure(4.8). The 
model has two admirable features :- 
1. Monod growth equation to describe the substrate utilisation. 









Region (extracapillary space IECS) 
Figure 4.8: Schematic of the proposed radial flow reactor 
2. The use of a Leudeking-Piret equation for product formation. 
In the derivation of the equations no account of fouling of the fibres was taken into 
consideration nor that the cell mass could produce channelling and cause major change 
in the nutrient distribution ([22]). This is particularly so when many layers of fibres 
between the CFD and some regions of the reactor would cause a barrier when combined 
with cell growth. It is suggested that a radius of 2cm is used for the shell and 0.5cm for 
the distributor. This would provide ample distance for blockage of flow, and maldistri-
bution. In the article the suggested superficial velocity of the flow should be 10 3cm/s, 
for which cell densities of up to 108  cell/mi could be achieved. Some quick calculations 
show that even at a cell concentration of 106cells/ml, the superficial velocity should 
be 5 times that for adequate nutrient supply. The basis of the model seems reasonable 
but the parameters used give optimistic values, and it is not highlighted which part of 
the range is used in the calculations. This combined with the assumption of uniform 
cell distribution gives the model limited use. 
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It is significant that no reactor has been fabricated for mammalian cells using the CFD 
design. 
4.4.3 Intercalated-Spiral Alternate-Dead-Ended Hollow Fibre Biore-
actor 
The idea behind this reactor ([14]) was to use two sets of fibres, one the source fibres 
and the other the sinks. These fibres are dead-ended so that the source has flow going 
into one end, with all the flow coming out of the fibre wall. The opposite is true for 
the sink fibres were the flow goes from the extracapillary space into the fibre lumen 
and out from the end figure(4.9). 
All flow out of fibre is 
through the fibre wall. 
Inlet to 	 Dead-ending 
source — 	 of fibre. 
r'c Outlet 
All flow into sink through 	 sink fibre 
fibre wall. 
Figure 4.9: Schematic of dead-ended reactor 
It should be noted that no commercial unit has been produced, and that no results 
for this design have been published. The operation of this system may have intrinsic 
problems which could make this design impractical. Work by Bruin quoted in ([44]), 
describes a dramatic reduction of flux to 5% of the original flow within 25 seconds, when 
an ultrafiltration unit operates dead-ended with skimmed milk. The use of skimmed 
milk is analogous to a protein rich nutrient. Further discussion is made in the results 
chapter. 
Even so, this reactor is the closest in concept to the Edinburgh University one described 
in this thesis, and therefore it is worthwhile going through the model which they use. 
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Assumptions (used by Brotherton et al) 
Concerning the fibre lumen. 
The fibre radius is much smaller than the active fibre length. 
The flow is at a relatively low Reynolds number such that we can ignore the effect 
of the inlet flow. 
Membrane permeability is sufficiently large that there is no retention of any 
macromolecules. 
Wall flux is pressure driven. Velocity out of wall is proportional to the pressure 
difference across the wall times the permeability. Osmotic pressure is not present. 
The following assumptions are with respect to the extracapillary space where the 
cell culture 18 maintained. 
The spacing between fibres is much smaller than the fibre length. 
The relatively small annular region compared with reactor length, allows it to 
be treated as a segregated flow reactor. So the reactor can be visualized in the 
axial direction to be built from a series of separate discs. Each disc has flows 
radiating outward with no flow being transmitted to adjacent discs. This can be 
interpreted in the extracapillary space as the convective flow being predominantly 
radial with zero axial velocity. 
The hollow fibres are microporous and the membrane permeability is large with 
little retention of any macromolecules. Both the arterial and the venous fibres 
have the same permeability. The bioreactor will not suffer from significant fouling 
problems which may lead to significant loss in permeability of the venous fibres. 
Simple Monod Kinetics are used to simulate cell growth and substrate consump-
tion. 
Cells are fixed in space with the aid of a supporting collagen matrix and will not 
be entrained by the radial flow. 
There is no nutrient concentration gradient within the fibre lumen since the in-
tercalated spiral functions in a convective flow dominant regime. The conditions 
are chosen such that they satisfy the criterion derived by Schonberg et ak[281). 
(
2VM R\ -1/3 
D. ) <<1 (4.5) 




v.. is the maximum axial velocity within the fibre lumen. 
D8 is the diffusional constant for subrate 8. 
R is the radius of the outer wail of the hollow fibre. 
Looking at the assumptions in turn :- 
. 1 and 2 seem reasonable. 
. No.3: the retention of most molecules can be avoided if a sufficiently large pore 
sized hollow fibre is used. 
• No.4 This is reasonable for an initial estimate, however as time proceeds a re-
duction in permeability occurs until constant value is reached. This reduction 
seems to be related to the size of pore and probably other factors (see fibre ex-
periments). Also concentration polarisation seems to occur even when large pore 
sizes are used. 
• No.5 Reasonable. 
• No.6 This will almost be true for a = 0.5 say, but values of a = 3.0 and above 
show a different pressure profile hence flow profile. It can be seen from the 
graph (4.10) that flow will tend from one end to the other. This is assuming 
that no fouling exists on the fibre (assumption 7), so that flow out/into fibre is 
proportional to the difference between the shell pressure and the lumen pressure. 
• No.7 Some fouling will happen since the cells have to be retained within the 
reactor, and polarisation effects will also be present. 
• No.8 The use of simple Monod kinetics is useful and more applicable than zero 
order kinetics used by some previous modellers. 
• No.9 The collagen support may stop entrainment, but the effect on flow may 
be significant when cells grow within it, so causing maldistribution in nutrient 
supply. 
• No.10 This is likely to be applicable unless the reactor is operated at a large a. 
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Pressure profile equations 
Following these assumptions a series of equations were derived from the continuity equa-
tion and the equation of motion, with particular boundary conditions being imposed 
for each type of operation. 
Arterial Fibre Equation for the dead ended reactor 
P(z) = P. + (1 - P3 ).[cosh(cz.z) - tanh(a).8inh(cx.z)] 	(4.6) 
Venous Fibre Equation for the dead ended reactor 
c03h(a.z)) 	 (47) P(z)=P.(1— cosh(a) 
If these equations are plotted on a graph (4.10) , the effect of changing a can be seen. 
These are only the equations for the pressures in each fibre, the equations for growth 
wifi be discussed later. _______ 
	
a = L\/164m 	 (4.8) 
Symbols represent :- 
P(z) = Dimensionless pressure in the fibre lumen at dimensionless axial position z. 
a = Pressure Modulus, defined by equation(4.3). 
P. = Shell pressure of reactor (dimensionless). 
L = Length of fibres (m). 
= Viscosity of liquid (Ns/m). 
Am = Permeability of hollow fibre membrane (m3 /m 2 .s.Pa). 
R = Radius. of hollow fibre (m). 
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The value of alpha depends on the square root of permeability (A m ) and the viscosity 
of the liquid 14, proportionally to the length of the fibre L, and to the radius of the 
fibre (R) by So as length increases a profound increase of a is seen. As the 
radius increases the value of a decreases. So a balancing act between the supply to 
the fibres, governed by the permeability and pressure, has to be made. If the fibres are 
highly permeable a short reactor, or one with a large fibre radius has to be used, so 
that pressure does not drop too much along the fibre length. If too large a radius is 
used then the growth volume is reduced per volume of reactor since the fibre spacing 
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Figure 4.10: Pressure profiles for dead-ended reactor, with different values of alpha. 
Comments on pressure equations and assumptions used 
The equations derived give useful insights into the reactor design and evaluation e.g. 
the parameter a. The derivation of an equation which acknowledges the change in 
pressure profile, and subsquently the supply of nutrient is a step forward. The effects 
of Starling flow which were originally thought to be negligible in single fibre reactors 
are probably to blame for their poor performance. In the use of dual fibre reactors this 
problem may not be so great, though in the scale up from experimental systems the 
dead-ended reactor may have similar problems. For example the pressure profiles in 
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the fibre supplies and sinks will change the nutrient distribution throughout the reactor 
making them poor performers unless steps are taken at the design stage. 
Improvements could be made to the model by adapting the comments made on the 
assumptions, in particular the ones concerning fouling and polarisation of the fibres 
(3,4,7). The effect of fouling and polarisation will definitely be felt when cultures are 
grown for long periods of times with such a system, and these effects have to be taken 
into consideration at design and operation stages. It has been shown that even in the 
short term (30 minutes, results chapter 6), noticable changes of flow can be experienced 
with water as the supply liquid in a dead-ended reactor. The fibres should be also be 
characterised in medium since often the value quoted for permeability is that for water. 
So different preparations should be tested with the particular fibre being used. 
Growth model 
The growth model used is based on the Monod growth kinetics equation (4.9). 
dX 
—
t&. Ca 	 (4.9) 
dt Km +Ca 
where :- Pm = Maximum growth rate. 
C3 = substrate concentration. 
Km = Monod constant for substrate. 
X = Cell concentration. 
An equation for the velocity is used (4.10). 
Li v(z) = 
Where :- 
vr(z) = radial velocity at radius r at axial position z. 
V W (z) = wall velocity with axial distance (z). 
(4.10) 
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r1 = wail radius. 










/, K. + C. 
(4.11) 
A second order differential equation is derived, and solved using a Crank-Nicolson algo- 
rithm. The equation is in terms of substrate concentration, Pedet Number and Thiele 
Modulus, and uses these parameters to show the effects on growth by the different 
regimes. High Peclet Number gives high velocity at fibre wall and subsquently high 
nutrient supply, while the Thiele Modulus when increased is analogous to a higher 
reaction rate, or lower diffusion rate, so substrate is utilised faster, or takes longer to 
diffuse so causing nutrient limitations. The converse for theabove statements are true 
for Peclet Number and Thiele Modulus. An equation of this form seems to give similar 
results to my work using a numerical simulation when no fouling is allowed for. How-
ever biologists may find such use of dimensionless constants confusing and unhelpful in 
their work, so as discussed later I have tried to retain parameters which have meaning 
for both the engineer and the biologist. 
The results from the growth model are what one would expect, the higher the rate of 
utilisation or the length of reactor the less uniform the profile. For the Pedet number 
the higher the value the better the supply and therefore the cells distribution. What the 
paper does not address is the possible effect of fouling, or cell distribution, which would 
make the predictions questionable. The problem with using dimensionless systems is 
that sometimes the actual implications of the parameters are lost and a false sense of 
security pervails. This is caused by using high and low values without realising the 
significance to a biological system. 
4.5 Summary 
4.5.1 Single fibre reactor 
. Commercial units widely available. 
. poor performance due to Starling effect, product inhibiton, possible fouling. 
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Models 
• point to oxygen limitation 
• predict requirement of fibre spacing less than 0.1mm, implies difficult fabrication 
and that fibres would then take up more space than cells in reactor. 
• No account for fouling. 
• Ignore Starling flow. 
4.5.2 Concentric tube reactor 
• Commercial units available. 
• uniform substrate profiles. 
. does not utilise much of reactor volume. 
high cell concentration reported: 108  cells/ml 
• short convection/diffusional distance (0.2mm). 
Models 
• shows oxygen as limiting substrate. 
• no account of pressure drops. 
• no account of fouling 
• useful attempt to characterise effects on nutrient flows by varying cell distribution. 
4.5.3 Dead-ended reactor 
• No commercial reactor 
• No results 
• Fibre experiments show that reactor may not be operable. 




. Has varying pressure profile in lumen. 
. Uses Monod Kinetics. 
. No fouling allowed for. 
Chapter 5 
Design and Construction 
Techniques 
5.1 Introduction 
This chapter is split into three main sections :- 
The methods of design and construction of previous reactors compared to the 
ones used in the dual fibre reactor. 
The monitoring equipment which has been bought and built for the reactor's 
operation, including a look at the computer software and hardware. 
Results from reactor runs. 
5.2 Construction Techniques 
5.2.1 Single Fibre Reactors 
The construction of single fibre reactors relies on a number of stages:- 
Forming a bundle of fibres. 
Sealing the ends of the bundles, using some hot source (in laboratory construction 
soldering bolts are used). 
54 
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Placing bundle into outer casing. 
Putting one end of casing and bundle into potting compound, making sure the 
end of the casing is well below the potting compound surface. 
Once the potting compound has set, cutting the ends of the fibres off flush to the 
end of shell. 
Repeating the procedures for other end. 
This is the technique used by Blute et al ([29]), Chresand et al ([9]) for single fibre 
reactors and Knazek et at [26] in the construction of their dual fibre reactor. The 
technique could not be used for the proposed design of dual reactor since the seals are 
in-line, requiring an inner and outer seals: figiire(5.1). 
Potting in reactor (in-line). 
Figure 5.1: One end of dual fibre reactor. 
In much of the analysis by modellers of single fibre reactors, an even distribution of 
fibres was assumed. This however is not usually a built-in design feature of the reactors. 
Most overcome the problem by increasing the number of fibres, but this cuts down on 
the available growing space and does not ensure that void areas will exist. One method 
described by Blute et at ([29]), uses a jig where fibres are evenly spaced along pieces of 
double sided sticky tape. The tape is then rolled up to give concentric circles of evenly 
spaced fibres. 
The techniques of building a single fibre reactor are straightforward and this has made 
them the most commercially produced hollow fibre reactors available. Improvements 
in growth potential lie in the mode of operation ([2]), rather than improved design. 
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5.2.2 Concentric Tube Reactors 
This type of reactor compared to the single fibre reactor is just beginning its commercial 
life ([23]). The method of construction described by Chang et al([21]) is not explicit, 
but most can be deduced. / Inner reactor casing 
Outer Hollow Fibres 
Seals 
Figure 5.2: Inner section of concentric fibre reactor. 
Outer sections 
Inner reactor casing 
I • 
Silicone rubber collars 
Figure 5.3: Inner and outer sections of concentric fibre reactor. 
The first step is to produce the reactor shell and outer fibres: figure(5.2). 
This is probably done in a similar fashion to the single fibre reactor. 
Outer sections are then connected on the inner section using silicone rubber collars 
([21]): figure(5.3). 
Inner reactor casing 
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Fibres are then threaded through the outer fibres: figure(5.4), and then sealed 
into the sections attached by the silicone collars. This potting will be again similar 
to that of a single fibre reactor, with the fibres first dead ended then potted. 
End connectors are then added to supply medium. (ports in the inner shell and 
outer sections are present for medium transfer and inoculation respectively). 
Outer sections 
i
........... ::::su .. 
S ........ 
.::::::::::::::::::::::fl...U.SflSSS.SS .5.7.S SS 
Seals 	 Inner fibres 
Figure 5.4: Complete concentric fibre reactor, without end connectors. 
It is not clear how Setec( [23]) or Cima et al( [22]), build their reactor, though it is likely 
to be similar. 
5.2.3 Intercalated-Spiral Alternate-Dead-Ended Reactor 
The technique for building this reactor([14]), uses a jig like Blute et al([29]), but in 
this case the fibres are left dead-ended at alternate ends. This could be accomplished 
by the laying the fibre ends in two different parallel lines: figure(5.5). When the fibres 
are rolled up they could be potted in the same way as a single fibre reactor. When the 
ends of the fibres are cut to expose the lumen care is taken only to cut the set which 
is sticking further out. In this fashion, fibres will be open only at one end. As already 
mentioned it seems unlikely that this type of reactor could be used efficiently. 
5.2.4 Knazek's Dual Fibre Reactor 
The principle behind Knazek's design of reactor is very similar to the Edinburgh Uni- 
versity design, but the construction method is very different. A full description is given 
CHAPTER 5. DESIGN AND CONSTRUCTION TECHNIQUES 	 58 
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J........ .................................. *seems .... message 
! Inlet 
Alternating fibre 
Dead Ended Fibres 
Figure 5.5: The alternating position of dead-ended fibres. 
in the patent application ([26]) and seems cumbersome. The method is based on that 
used for the construction of a single fibre reactor. 
Two sets of fibres are kept separated at the ends and twisted around each other in the 
centre by a spindle. The bundle is carefully threaded through the reactor shell. A 'Y' 
connector piece is attached at each end, with the two fibre sets having a single port to 
themselves. Each port is then individually potted, and the set up looks like: figure(5.6) 
Figure 5.6: Diagram of Knazek's Dual Fibre Reactor. 
No data on a successful run has been published for this type of reactor. 
Problems which may exist in the construction of the reactor are 
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Making sure that no fibre starts in one circuit and ends in the other. It would 
be impossible to check visually , since the fibres are wound round each other in 
the reactor centre, unless a marked difference between the fibres existed such as 
colour. 
The threading of the construction into the reactor may cause damage to the 
fibres, in particular the connection of the 'Y' pieces. 
The overall construction method seems overly complicated, making the produc-
tion of this design seem impracticable. 
I 
CHAPTER 5. DESIGN AND CONSTRUCTION TECHNIQUES 	 60 
5.3 The initial Edinburgh Design 
This section shows the position of the reactor design, construction and operational 
strategy prior to the commencement of my work. A lot of the articles mentioned in 
particular the ones on the dual fibre reactor and the concentric tube reactor, had not 
been published. It is interesting to set out the original guidelines for the reactor to 
show the changes which have occurred. 
The initial idea was to have two sets of fibres, one set source fibres and the other 
sink fibres. They would have equal circulatory flows going into both sets of fibres, the 
source fibres being held at a higher pressure than the sink fibres. The initial idea was 
to have 1:1 ratio of sink to sources. The pore sizes of the fibres were to be such that in 
conventional operation (from source to sink) the fibres would retain the product. The 
source fibres would have a pore size large enough to allow harvesting of the product by 
reversing the direction of flow between the sources and sinks. 
The material of construction for the reactor body would be glass and the method 
of end-sealing the fibres had not been thought of. The initial design of the reactor 
body had been built. Though using the word design is misleading since, a method of 
construction and operation had not been taken account of. Ideas on monitoring and 
control equipment had not been thought of and it is at this point that the work on the 
reactor was started by the author. The following sections describes the work in design 
and construction of the reactor in detail. 
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5.4 The Edinburgh Bioreactor: Materials, Design and 
Construction 
It should be pointed out that at up to this point no operational results have been 
published for a hybridoma culture in a dual fibre reactor([30]), other than from the 
Edinburgh group. This has arisen due to the difficulty in making sure :- 
• That sink and source fibres are evenly spread throughout the reactor, with sinks 
being within consistently the same distance from the nearest source fibre. 
• That good seals can be produced easily and consistently for each reactor. 
• That adequate nutrient can pass between the fibres. 
• That reactor construction does not compromise sterility, and that non-toxic com-
ponents are used in its construction. 
Many steps in the evaluation of the reactor design occurred, but initially certain criteria 
were laid down. 
Possible use of different fibre cut-offs in each circuit i.e. low molecular weight 
cut-off for sink fibres and high molecular weight cut-off for the source fibres. This 
configuration would allow product to be collected in conventional operation, and 
if the flow direction was reversed the product could be harvested out of the source 
fibres. The size of the source fibres would be sufficiently large to allow the passage 
of the product but small enough to retain the cells. 
Materials of construction would be autoclavable i.e. can withstand live steam at 
1.3 bar and 121 degrees Celsius. The reactor would be reusable so after being 
autoclaved and used it could be cleaned and reused without losing its integrity. 
All materials used have to be non-toxic towards mammalian cells. 
The use of varying ratios of source to sink fibres can be contemplated. This 
is important in view of criterion 1). if the source fibres are highly permeable 
compared to the sink fibres then the system will operate as a single fibre reactor 
since comparatively little flow will enter the sink fibres compared to the flow 
re-entering the source fibres at the exit end. 
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5.4.1 Materials of Construction 
Reactor Shells and Connectors 
The materials which have been used in other designs of reactor and are autodavable 
are 
glass ([19]) 
stainless steel ([31]). 
polycarbonate ([23]. 
The advantages of stainless steel and glass are that they are easy to get hold of, and 
are cheap compared to polycarbonate. It is useful to observe the growth around the 
fibres in case microbial or fungal growth appears in the reactor, allowing the run to 
be terminated without wasting further time. For this reason stainless steel would be 
awkward to use. In the manufacturing both stainless steel and polycarbonate can be 
machined by the workshop staff, whereas the glass requires specific skills. So if any 
large number of reactors were to be built a commercial glass-blower would have to be 
used. The initial reactors were built from glass, but as the difficulty in manufacturing 
became apparent, polycarbonate was used in preference. 
Potting Materials 
Potting materials are very important in reactor construction. They have to form a 
seal between fibres as well as with the reactor shell, sufficient to prevent any leaks 
under pressure (10 p.s.i.). No chemical damage of the fibres should occur, and no toxic 
residues should be left which cannot be washed away. 
Types of potting materials used by other groups include :- 
• Full weld no. NR 2187 (H.B. Fuller Co. Mineapolis ([9])) 
• Silicone rubber ([21]) 
• Rapid Araldite (Ciba-Geigy Plastics, Cambridge) 
• Amicon T-40 epoxy ([4]) 
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Materials tested at Edinburgh included :- 
• Silicone rubber RTV 735, produces acetic acid when curing. 
• Silicone rubber R.TV 3110, requires a catalyst for curing, produces alcohol when 
hardening. 
• A polyurethane kit. 
All the above materials once they had cured and been washed were tested for their 
effect on hybridoma growth by Mr. J.Wilson. None gave a toxic effect. 
The sealing qualities of the rubbers tested were impaired by the high viscosity, which 
could cause poor seals around fibres. A viscosity reducing agent (200/50 cps) was found 
which could be used with RTV 3110. This combination seemed suitable since the use 
of a catalyst to initiate curing meant that the length of time could be varied. This 
allowed the rubber to settle into any gaps in the construction and allowed gas bubbles 




Ground glass fitting, 
with a restriction. 
CHAPTER 5. DESIGN AND CONSTRUCTION TECHNIQUES 	 64 
5.5 Design and Construction Techniques 
5.5.1 Original Reactor 
The reactor described here was produced before my research commenced. It comprised 
of a single piece of glass with a quick-fit stopper at one end (5.7). No means of con-
struction was proposed, and I did not manage to think of one. A number of important 
points though should be noted. 
For a glass reactor with this layout, the fibre bundle would have to be built 
externally, fitted in and fixed by further potting. This method would require 
some means of preventing rubber from entering and blocking the ends of the 
fibres. Heat sealing could not be used since the shorter fibre could not be cut 
without cutting the longer fibres as shown in: figure(5.1). 
There is no place for the potting compound to grip on the glass, 80 seals may 
move if subjected to high pressure. 
It was expensive to produce. 
Sink inlet/outlets 
Figure 5.7: Construction of first reactor. 
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5.5.2 First Completed Reactor 
The design was based on using glass tubing of different diameters for the reactor body: 
figure(5.8). 
Outlet port (sink) 	Inoculation Ports 
Formed ledges for rubber to 
seal against 
Figure 5.8: Reactor constructed from different sized tubes. 
Connecting pieces were added after the reactor was constructed, using a similar tech-
nique to that shown: figure(5.4), which uses rubber collars. The different sized tubing 
was used to give presized sections which could be easily joined together providing ledges 
against which the potting medium could press to form a seal, though not all the seals 
would have the pressure acting in a suitable direction. The high supply pressure would 
be put into the end section, so that the seal would be pressed against the ledge. 
The fibres had to be formed into a bundle before they were placed into the reactor shell. 
To construct the bundle the length of the fibres required for the reactor is calculated 
so that they coincide with the inlet/outlet ports, and allow the formation of the seal 
without the possibility of the fibres being blocked. Four sets of templates were cut, these 
were initially made from cardboard so that they could be removed after construction. 
The templates were just smaller than the smallest inside diameter glass tubing. Holes 
were cut in the templates for the fibres, with equal spacings between source and sinks. 
The initial layout of the fibre spacing was a fairly arbitrary pattern, since the method 
of construction seemed the more important aspect at this stage. A larger hole in the 
centre was cut for a glass spacing rod, this held the templates at a set distance apart. 
Fibres were then threaded through the templates, the short fibres (sinks) only going 
through the inner two templates, while the long fibres extended right through the 
CHAPTER 5. DESIGN AND CONSTRUCTION TECHNIQUES 	 66 
reactor. Care was taken to follow the pattern so that sink and source fibres were 
evenly distributed. 
After the bundle was completed the fibres were then potted outside the reactor. As 
already mentioned the conventional way of stopping potting compound entering the 
lumen of the fibres is to heat seal. Heat sealing could not be carried out in a reactor 
of this configuration, so another method had to be thought of. Instead of blocking the 
fibres a method of keeping the liquid rubber above the end of the fibres until it had 
set seemed the best method. Ways of doing this would be to use a liquid of higher 
density than the rubber, or use a material which solidified at low temperatures which 
could be melted after the rubber had hardened. A suitable material would not damage 
the fibres, rubber or reactor shell, and would not leave any chemical residues. An 
obvious candidate is water, unfortunately its density is less than that of the rubber. If, 
however salt is added in sufficient quantities then the density rises sufficiently to allow 
the rubber to float. The salt solution does not damage any of the components and 
after washing does not inhibit cell growth, so this solution seems ideal. This method 
does not appear to be used by any other group, this is probably due to other groups 
not needing to overcome the same problems in construction, and prefering the tried 
and trusted method used for single fibre reactors. 
A diagram shows how the bundle was potted outside the reactor (5.9). 
The container in which the bundle is potted is sprayed with silicone release fluid, this 
allows the bundle to be removed after the potting has set. The outside seal is then 
fabricated, followed by the potting of the other end. 
After all the potting is complete the bundle is threaded into the reactor, and held in 
position relative to the reactor by a retort stand. A similar potting procedure now 
occurs. The reactor is placed in a vessel with salt solution up to the level were the 
first potting is required. Rubber solution is poured into the gap between the potting 
and the reactor shell, using a syringe. The rubber is left to harden. The procedure is 
repeated for all of the seals. The reactor is then ready for use. 
This technique worked but was labour intensive in all areas, glass blowing, template 
construction, bundle formation and potting. 





Long Fibres  









Silicone rubber poured 
in here, and allowed to 
set. 
Liquid with density 
greater than rubber 
(salt solution) 
Figure 5.9: The potting of the fibre bundle after the fibre have been threaded through 
the templates. 
5.5.3 First Model of Present Reactor 
The next reactor forms the basis of all subsequent reactors. The shell is made of 
polycarbonate, since it was easier to machine to size. The section (5.10) is constructed 
from a tubular section, with the ends being turned down to a set diameter. The end 
had to fit into the end caps (5.11) tightly. These endcaps are designed along the same 
lines as the Amicon single fibre cartridge reactor endcaps, with 0-rings forming with 
the shell a leak proof seal between each circuit and the outside environment. 
To allow the liquid to enter the reactor fibres without the holes in the shell and the inlet 
ports being matched up a groove is cut round the inside circumference of the endcaps. 
The first endcaps were made out of stainless steel, these worked well, though problems 
in getting a good join between the nozzles and the main body proved troublesome. 
For the next set of endcaps polycarbonate was used; this proved to be easier to join 
together, a construction method follows. 
Construction method for endcaps made of polycarbonate:- 




Spigft Distribution Channels 
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Holes 	 Outlet for 




Figure 5.10: Polycarbonate shell. 
0-Ring Grooves 
Figure 5.11: Design of endcaps. 
Drill hole into body of endcap for spigot (connecting piece which allows tubing 
to be attached to the endcaps). This hole is the same size as the hole in spigot. 
Mill a recessed grove at the site of the hole, with a diameter slightly larger than 
that of outside diameter of the spigot. 
Check that spigot is a tight fit. 
Paint recess and end of spigot with Methyl Chloride, and push together, applying 
pressure for 20 seconds. 
Heat the endcap to about 120 degrees Celsius, for 6 hours, this allows all the 
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Methyl Chloride to evaporate. 
After this seal around edge using perspex glue, allow to set for a few minutes at 
room temperature, and then in the oven at about 100 degrees Celsius. 
Place the o-rings inside the endcaps. These allow the reactor to be dismantled 
easily, and separate the different sections within the reactor. 
The use of the Methyl Chloride provides a strong bond, while the perspex glue proyides 
the good seal. 
Fibre bundle construction 
It was thought that the spacing between the fibres would not have to be so dose as that 
for a single fibre reactor since both convective and diffusional mass transport is being 
used. The idea of using templates came about due to the desire to keep the fibres at a 
known distance apart, and this distance would be large enough for individual holes to 
be drilled. 
A look at the work by Cima et at ([22]) gives a series of simplified models for cell 
distribution. The model which is most suited to our configuration is the one dealing 
with nodules or small channels running evenly throughout the cell mass between the 
source and sink fibres. The reason for taking this view point is simple; if we look at the 
distribution of cells in a relatively low density culture, clumps are found. If the culture 
continues to grow in space which does not restrict growth, then a point will come where 
it will either meet other clumps or its centre cells will become starved of nutrient. If 
it meets another clump, it may merge to form a larger dump, or it may split due to 
cells being limited by nutrient starvation. These actions may form channels or nodules. 
Another method for channel formation may be due to shear death at the periphery of 
the clumps due to the channeling of liquid into the remaining free areas of membrane. 
This may happen when cells take up a greater space and the channels become smaller 
and therefore the velocity along the channels have to increase to maintain the same 
flow. Insights into the formation of dumps and voids may be found in the use of a 
more sophisticated game of "Life" which originally was thought of by Conway ([49]). 
The ideas used by Conway are simple, with a few basic rules (which would have to be 
adapted for hybridoma cells):- 
. Cells last for only one time unit. 
9 If too few cells are in their proximity then cells do not reproduce. 
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• If too many cells are in their proximity then cells do not reproduce due to star-
vation. 
This simple model could be used in a more complicated fashion to model the growth of 
a population of cells. The ideas are put forward as explanations of results by Ku et at 
([25]) who found nodules of cells up to 1mm in diameter throughout the reactor. This 
would suggest an initial fibre spacing of around 1mm. 
It should be noted that to get a uniform cell mat growth, relying on diffusionsl transport 
only, the fibres would have to be about 0.05mm apart ([9]). Another method of looking 
at the required spacing was done by McCullough and Speirs ([30]) who calculated the 
average distance from a capifiary in the human body. The figure that they calculated 
was 0.256mm. This figure is within the bounds for the model proposed for by Cima 
et at ([22]) for a uniform mat of growth. As with a lot Of these calculations it is the 
experimental work which proves one line of reasoning to be more justified than another. 
Looking at the reactor in another context, if the fibres get too close then the volume 
outside the fibres becomes less than that inside the fibres. This may mean that it is 
better to grow the cells inside small diameter fibres, instead of growing them in the 
shell space. Also the smaller the shell space the higher the cell density may become, but 
the total cell concentration may stay the same. It would seem good practice to have 
a balance between these influences and experiment with the spacing once the reactor 
has shown cell growth. 
It was decided that a spacing between fibres of 1mm would be used, this seemed 
reasonable after considering the results by Ku et al([25]) and the model by Cima et 
at ([22]). It also allows the initial templates to be machined by hand, which allows a 
bit of experimentation in hole layout. To decrease the spacing a computer controlled 
drilling machine could be used; this can be programmed and should be able to produce 
holes at a closer spacing. 
Template Layout 
This is governed by:- 
• Reactor diameter. 
• Size of fibres, and the relative diameters of the source and sink fibres. 
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. The ratio of source to sink fibres. 
. The size of the central glass rod. 
The values for these parameters for the present reactor are :- 
• Template diameter of 25mm. 
• source = sink diameters = 2mm O.D. 
• ratio of source/sinks = 1/2. 
• central rod is 4mm diameter. 
With a spacing of 1mm , 76 fibres can be fitted onto the template. The layout is 
calculated by the use of a compass to find the centre of each fibre hole. A triangular 
pitch (5.12) is used since this gives a higher density packing than a similarly constrained 
8
quare(5.13) packing. For a ratio of 1 source to every 2 sinks the triangular pitch is 








Figure 5.12: Triangular pitch distribution. 







Figure 5.14: Triangular pitch distribution with source fibres dark. 
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Other ratios are better suited with different arrangements, for instance the square pitch 
distributes the source and sinks evenly with a 1:1 ratio. 
The use of concentric circles was considered, but it seemed easier to distribute the 
source and sink fibres if they were in a regular pattern. 
Construction of Templates 
From the type of layout decided upon a metal template can be produced, which then 
can be used as a drill guide for the actual polycarbonate templates. To get large 
numbers of templates to be produced either a computer controlled drill could be used 
or a mould for plastic injection could be made. The problem with plastic injection 
would be finding a suitable plastic. PTFE may be a possibility. 
Procedure for fibre bundle construction 
• The polycarbonate templates are threaded onto the glass rod, and superglued 
into position. The template position is where the seal will be required in the 
reactor. 
• Fibres are then threaded through the templates according to the pattern required 
(5.14). 
• After the fibre bundle has been totally threaded, it is placed into the reactor. 
• Potting starts with the reactor placed in a beaker partly filled with salt solution. 
• The level is topped up with a salt solution so that it coincides with one of the 
inner sealing points. 
• A syringe is filled with rubber solution (1 part viscoity reducing agent, 9 parts 
silicone rubber 3110 RTV and single drop of catalyst 4 [8mls Total Volume]). 
• Rubber is injected onto the top of the liquid surface inside the reactor for few 
seconds, then the rubber is allowed to spread across the reactor. This injecting 
is continued intermittently until the seal is complete. 
• Allow the rubber to set. 
• The reactor is washed with water. 
• The reactor is dried in an oven 120 degrees Celsius. 
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• The exercise is repeated for the other end of the reactor, with some rubber being 
injected to the upper surface of the completed seal. This will fill any gaps left  by 
water which may have been trapped in the first sealing. 
• Repeat for all seals. 
The reason for doing one of the inner seals first is to prevent any of the fibres slipping 
after the first potting. If an end seal is potted the sink fibres may slip. Repair would 
be difficult since the reactor cannot be easily dismantled. 
5.5.4 Improvements 
An initial problem was that the seals moved during reactor use. This caused the fibres 
to lose their pattern and bunch together. if sufficient movement took place the seal 
would leak. To stop the movement of seals a groove about 0.5-1.0mm was cut around 
the inside circumference of the reactor shell at the point where the seal is formed. Now 
when the rubber forms a seal it had a ledge into the reactor shell to grip on. This section 
of rubber also acts as an 0-ring to prevent leaks along the shell/rubber interface. The 
surfaces adjacent to the groove are roughened with sand paper to provide a better 
surface for the rubber to grip on. 
The grooves prevent the seal moving , which also prevents the fibre pattern from being 
distorted. To make sure that the fibres stay in the pattern throughout the reactor an 
extra template was cut and fitted at the centre of the reactor. The fibres were threaded 
as before apart from being placed through an extra template. The template holds the 
fibres in position, with no distortion being noticed in the reactor. Some of the reactors 
have been tested to just over 10 p.s.i. with no problems. 
5.5.5 Reactor Operational Layout 
As can be seen from the picture(5.15) a set of torsion bars are used to keep the endcaps 
and the reactor shell together. 
5.5.6 Advantages of Edinburgh's Reactor over other dual fibre reac-
tors. 
• We can 
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Figure 5.15: Picture of reactor 
- Easily change the pattern of fibres to account for different fibre characteristic 
and operating requirements. 
- Alter the ratio of sinks to sources. 
- Use different molecular cut-off fibres and so perform metabolic studies of 
cells. 
. The bioreactor:- 
- Is an all in one module. (no large side arms) 
- Fibres are kept in uniform spacing, which allows easier modelling of the 
system. 
- The design is autoclavable. 
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- Experimental results have been obtained showing hybridoma growth in the 
shell. 
5.5.7 Possible design configurations for the reactor of the future 
A problem with the design at present is the number of potting procedures which 
have to be undertaken. This, combined with the by-pass of liquid from the source 
to the sink via the sink outlet length, has prompted the search for an improved 
design. Discussions between myself and Mr. Kevin Wright led to two designs 
which are described below. 
Template with 
recess for potting 
Stainless steel spacer 
0-ring for 
Stainless steel tube, 
just bigger than hollow 
fibres. 
Figure 5.16: A possible design for bundle formation. 
The first uses thin wailed stainless steel tubing (diagram 5.16) to stop flow 
out of the source fibres into the sink outlet. The reactor is threaded in the 
normal way but with the fibres passing through the stainless steel tubes. 
Sealing of the system is carried out outside the reactor, with a recess in the 
template holding the seal. Both fibres templates would have seals formed, 
but since it is outside the reactor access to see the quality of the seal should 
be easier. The bundle is then placed in the reactor, with 0-rings forming the 
seal between the polyca.rbonate tubing and the fibre bundle construction. 
The other design tries to avoid the problem of using a large number of pieces 
that would be required in the first design. This is done by using a single 
or double piece of polycarbonate. The diagram(5.17), shows the design. 
At the sink gathering area, the ends could be made separately and then 
joined to form a single end piece. The bundle is threaded as before and then 
potted either at both ends of the end template section, or at only the inner 
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surface. It could then be placed in the reactor shell, the o-rings acting as 
seals. The drilling out of such a shape required would be possible since the 
sinks lie along straight lines so holes if accurately drilled could connect them 
up forming a gathering lattice. A better way might be to use an injection 
moulding technique if large numbers of ends were required. 
Source fibre holes 
which pass right 
Recess in template 	through setup. 
for potting. 
Solid polycarbonate 	X 
ends, drilled and shaped N I 
as shown 	-..... 
Stainless steel rod 
Hole for sink fibres 
Gathering network for 
	
• - represents an 0-ring 	sink fibres flow. 
(gathering lattice) 
Figure 5.17: A possible design for bundle formation using polycarbonate or molded 
plastic end. 
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5.6 Monitoring and Control 
5.6.1 Introduction 
In a biological system many parameters are involved in the growth of the organ-
ism, and its product formation. Many of these parameters cannot be measured 
by an on-line device and have to be inferred from other measurements, by the use 
of a model, or measured off-line in a laboratory. It is desirable as fax as control 
is concerned to be able to infer values for these parameters from other on-line 
measurements. To do this a model has to be developed from data collected from 
a number of runs. With many off-line samplings being made, these include:- 
- the population of the organism. 
- the substrate concentrations. 
- the waste and product concentrations. 
Until this is done no complex control strategy can be employed. 
The objective is then dear :- 
- Identify. the type of model required. (e.g. Detailed physiological model, 
estimation of cell growth, product estimation........) 
- Decide what are the important parameters. 
- Find the equipment required within budget. 
- Build interfaces to data collection device. 
These decisions are not necessarily carried out in the above order. Each has 
bearing on the others with the cost of monitoring equipment often being the 
deciding factor. A model has to be limited to the measurements which can be 
made. 
The objective of the reactor is to grow hybridoma cells. It is desirable to maximise 
cell growth and monoclonal antibody production. To do this nutrient has to be 
provided evenly and in sufficient quantities to the reactor space. It would be 
desirable to monitor all concentrations but this would be impracticable, since 
there are so many, and methods for some do not exist or are difficult to do. It is 
therefore best to pick a few important factors which could signal any problems in 
nutrient supply. Oxygen is rightly held to be a limiting substrate for hybridoma 
growth. This is due to the requirement for a highly aerobic environment for the 
cells. 
Other information which is of interest would be the rate of utilisation of primary 
energy - and a nitrogen sources. These are normally taken as glucose for the energy 
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source substrate, and glutam.ine for the nitrogen source. Both of these can be 
measured off-line using an enzyme assay. 
The cells are sensitive to temperature and pH so both of these parameters need 
to be monitored. The pH is changed by the production of lactate and ammonia 
from the cells. 
Information about the supply of nutrient would be useful e.g. the rate of transfer 
through the fibre wail. This may be helpful in evaluating the number of cells, the 
product produced and the possible fouling of the reactor membranes. To do this 
pressure and flow measurements are required. 
Cell density is very important but is very difficult to measure in hollow fibre 
systems,, though some of the possible measures are discussed later. 
The following sections discuss the parameters which can be measured in greater 
detail. 
5.6.2 Monitoring Equipment 
Dissolved Oxygen 
As mentioned dissolved oxygen is a very important substrate for hybridoma 
growth. 
Requirements for Probe 
Materials have to be compatible with cells.(no toxic effect) 
Probes have to be sterifisable, preferably autoclavable. 
Probes must be robust (withstand repeated sterilisations) 
Probes must be unaffected by the nutrient used. 
Many ways can be used to monitor the oxygen content of nutrient but by fax the 
most commonly used and cheapest solution is that of the oxygen probe which 
measures the dissolved oxygen tension. Two type of probe are in use, both are 
described below. 
1. The galvanic probe. Based on a lead and silver electrode with an alkaline 
electrolyte. 
at the Ag cathode 02 + 2H20 + 4e = 40H 
at the Pb anode 2Pb 2Pb2 + 4e 
- generates a current proportional to oxygen diffusing across membrane. 
- requires only a simple variable resistor (0-250 ohm) to produce a voltage 
• proportional to the oxygen concentration, this voltage is easily amplified. 
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- not commonly used with mammallLn cells, this could be due to some lead 
ions leaking into system and causing cell death. 
2. Polarographic probe. Based on silver anode, platinum cathode with silver 
chloride electrolyte. The electrode is polarised by a 600 - 750mv producing 
the reaction :- 
at the Pt cathode 02 + 2H20 + 4e 40H 
at the Ag anode 4Ag + 4C1 = 4AgC1 + 4e 
- the current is proportional to the oxygen diffusing across the membrane. 
- more complicated hence more expensive electronics required for the po-
larising current. 
- found to be more robust in practice than galvanic probe. 
Polarographic probes were chosen, one for the reservoir tank and one to monitor 
the downstream flow. Both were bought from TJniprobe ([32]). 
The probes were tested in preliminary experiments using water. When it came 
to using them in runs with nutrient they worked well initially before the signal 
steadily rose to a maximum value and remained there unchanged. This was ini-
tially thought to be due to the probes being dirty, or bubbles of gas being trapped 
in the electolyte. Both these possibilities were discounted after repeated attempts 
to clean the probes and eradicate air bubbles proved hopeless. Eventually the 
manufacturer was contacted and it transpired that the electrodes and membranes 
had been modified in recent productions. On using the modified membranes and 
electrodes the probes worked perfectly in the nutrient medium. So the problem 
had been fouling of the old membrane. 
The probe is autoclavable , with a detachable cable. The probe also has a response 
time of 20-30 seconds for a 90% step change in oxygen concentration. 
To provide a polarising voltage an interface box was bought from Labcon ([33]), 
with a signal output of 4-20mA. This box was reasonably cheap compared to sim-
ilar devices and saved a great deal of time compared to building the complicated 
circuitry required. 
The reactor is to small for a probe to be fitted directly into it, so one probe is fitted 
into the reservoir and one for the flow out of the sink fibres. The one monitoring 
the dissolved oxygen from the sink fibres had to have a holder designed for it, 
which was made from polycarbonate. 
In using the dissolved oxyegn probe it is important to realise the effect of tem-
perature and pressure on the probes' readings. 
- Temperature. The output from the electrode rises by approximately 2.5% 
per degrees Celsius. 
CHAPTER 5. DESIGN AND CONSTRUCTION TECHNIQUES 	 81 
- Pressure. The solubility of oxygen in water i8 proportional to its partial 
pressure. The relationship between the electrode output and the pressure 
varies from 0.87% to 0.91% change in electrode output for a 1% change in 
absolute pressure. 
This means that if a temperature compensating device is not used for the probe 
then poor accuracy will result. This can be avoided by calibrating the probe 
in-situ at the operational temperature. Pressure is not so important since both 
probes are situated in low pressure areas. 
pH probes 
Measurements of pH have become standard ([34]) for most fermentation processes. 
This is particularly important for mammalian cells which have a low tolerance of 
extremes of pH. Normal pH level should be 7.2 with a range of 7.0 to 7.4. Buffering 
of the cell medium is practised, but cell production of lactate and ammonia can 
alter the pH dramatically. Again direct measurement of the pH within the reactor 
is not possible due to the relatively large size of the probe compared with the 
reactor. 
A problem in recent times with pH probes was that they could not be used in a 
pressurized vessel unless they were pressurized also. This was due to liquid in the 
vessel coming across the glass membrane and contaminating the electrolyte. The 
equipment required to pressurize the probe is expensive. This has been overcome 
by Fermiprobe ([35]) and it was this type of probe which was bought. For the 
initial experiments however an older probe was used and this unfortunately gave 
poor readings possibly due to interactions between the magnetic stirrer and the 
pH probe, plus problems from static electric charge building up around the reser-
voir container. Due to the highly variable readings control seemed impractical. 
This probe broke and the Fermiprobe was used instead, this probe has proved to 
be reliable with consistant readings. 
A pH meter was also purchased and this can be interfaced to a computer. 
Now that a probe with reliable readings is in place, a simple on-off pH control 
algorithm should be set-up, which could be controlled from a computer ([36]). 
Pressure Control and Flow Measurement 
Most work with hollow fibre reactors seems to ignore the measurement of pres-
sure and pressure differentials. This is surprising since it may reveal a lot of 
information concerning the accumulation of cells and product within the reactor. 
One group Linton et al ([31, 37]) has used pressure transducers to good effect in 
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monitoring the growth of Streptcoccu8 faecahs and P8eudomona8 te8tO8tero mis, in 
a single hollow fibre type reactor. The results showed that the increase in cell 
mass produced an increase in pressure differential, and they could use this as an 
on-line estimate. 1 
It is important to build up a model of flow across the membrane boundaries, 
so that effects from cell and product can be noticed and used as a guide to 
alter the supply pressure. For this it would be useful to know the flowrate out 
of the sink fibres and the concentrations of limiting nutrients. However to get 
a fiowmeter which could be used on such low flows would be expensive. The 
meter which looked most suitable was from Bopp and Reuther (George Mellers 
are UK suppliers) and works on the Coriolis effect. It is autodavable with easy 
interfacing and a measurement range of 0.004 kg/min to 0.08 kg/min for the 
smallest meter. Instead some studies with an experimental rig have been made 
(see Results section) using electronic scales. 
For the pressure measurements transducers from Sensortechnics ([43]) were cho-
sen. The probe chosen operates over 0-15 p.s.i.g. and is coded PS-15GA They 
are made with stainless steel, and have only a Wheatstone bridge contained in 
the body. A Wheatstone bridge is made up of resistors and is one of the sim-
plest assembles possible, making it robust. Due to there only being a Wheatstone 
bridge in the transducer means the signal has to be amplified externally. The lack 
of electronics inside the pressure transducer allows it to be autoclaved a number 
of times without deteroriation of the transducer's performance. Over a number 
of sterifisations the transducer's calibration changes. This is not significant. A 
check on all the transducers is made at the end of the run to quantify the errors 
due to autoclaving. The values obtained for a few tests are shown in table(5.1). 
The manual test was done before the software was available to log the signal 
electronically and so these may have a greater error. The equation relating the 
signal to pressure (p.s.i.) is 
Pressure (p.s.i.) = b*signal + a 
Calibration was carried out using a Druck calibration meter. This provides a 
known pressure with a digital display of the pressure reading. The transducers 
were connected up to it at one time and calibrated simultaneously. 
To connect the transducers into the circuit stainless steel connectors were used. 
These were not of sufficient quality and now need to be replaced. Part of the 
problem stemmed from not using stainless steel 316, and only brazing joints 
instead of stainless steel welding. 
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Channel Variables Electronic Recordings Manual Recording 
First test Second Test Third Test 
1 a 0.209 0.614 0.02 
b 1.47 1.46 1.44 
2 a 0.132 0.131 0.06 
b 1.39 1.38 1.38 
3 a -0.24 -0.25 -0.19 
b 1.40 1.39 1.43 
4 a -0.095 -0.092 -0.166 
b 1.64 1.62 1.63 
Table 5.1: Pressure transducer factors used to convert signal to p.s.i. from the equation 
of the form Pressure (p.s.i.) = b* signal + a. 
Temperature 
Temperature was measured using a NTC thermistor supplied by RS electronics 
which gives satisfactory performance. 
Off-line Measurements 
Measurements carried out from samples can be varied but to keep analysis time 
short only a few are done. 
Measurements using enzyme assays include glucose, lactate and glutarnine. Cell 
density and viability was measured by using trypan blue, and counting in a 
haemocytometer. A value for cells/ml is then calculated with a percentage via-
bility i.e. the percentage of cells which are alive. Unfortunately a representative 
sample of cells can not be taken from the reactor since the cells bind to the fibre 
walls. This points to the reason why a model estimating the cell concentration 
could be useful. 
The product (monoclonal antibody) can be measured using Enzyme Linked Tm-
munosorbent Assay more commonly refered to as ELISA. 
Other Instruments Available 
The technique of Nuclear Magnetic Resonance (NMR) is used by a number of 
groups in hollow fibre work. The use of the technique allows the study of the 
hybridoma cell biomass ([381) in a hollow fibre reactor. Other applications have 
been the study of oxygen limitation ([39]) and the flow regimes in a hollow fibre 
reactor ([3, 40]). 
Another technique used to measure the number of mammalian cells has been 
acoustic densitometry ([41]). 
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All these methods have had success with mammalian cultures but they are in the 
experimental stage , and are still fairly expensive. 
A review of techniques which can be used for biomass estimation is given in an 
article by Clarke et al ([42]). This review gives a list of the current areas of 
interest, and it can be seen that it would be difficult to pick the correct method 
without a project in itself being created. 








* ATP (adenosine tn-phosphate) assay 
* DNA fluorimetry 
* Vital stains 
As can be seen many areas for biomass estimation are being looked at, and in 
time one or more of these techniques will become widely available. 
One method already being used in the brewing industry and has been used in an 
antibiotic fermentation by Smithkline Beechams at their Irvine site ([50]) is the 
"bugmeter" which uses radio frequency scattering. This probe was developed by 
Aber Instruments, ICI Biological Products and the University College of Wales. 
The probe is designed for large scale processes, though the principle could be 
used for hybridoma concentration measurements. 
Another area of great interest in recent times is that of biosensors ([52, 53]). 
They offer an almost instantaneous read out of some medium component which 
would have been formerly estimated using a laboratory analysis. A sensor for 
glucose has been commercially produced for clinical diagnostics. This sensor 
works by trapping an enzyme under a membrane cover, above two electrodes. 
A drop of liquid, in this case blood, is placed on the membrane. Transfer of 
components across the membrane occurs activating the trapped enzyme. The 
enzyme's activity is converted into an electrical signal proportional to the glucose 
concentration. 
The use of biosensors in biological process control is much more demanding e.g. 
harsher environment, complex analyte solutions with risks of interference, sensor 
poisoning, and steam sterilisation being incompatible with the sensor. This does 
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not mean that biosensors will not have a role to play in process control, especially 
with the advent of automatic aseptic sampling techniques. Biosensors will become 
useful, but the position in this field at the moment leaves them in the hands of 
dedicated research teams. 
Pump Requirements 
Pumps used for biological use have many requirements: 
- Sterilisability 
- Sealed pumping chamber with no connections with outside environment. 
(e.g. shafts) 
- Ability to cope with corrosive materials. 
- Must run continually with little downtime, particularly if the pump is used 
for medium supply for a hollow fibre system, i.e. reliable. 
For laboratory work and for most of the reactors used for mammalian growth 
experiments, peristaltic pumps are commonplace. They work by trapping a small 
volume of liquid between two pinched sections of tubing and force this out in the 
direction of flow. The tubing can be placed amongst the rest of the tubing of the 
reactor layout and sterilised along with it. 
Problems with the peristaltic pumps are that the pressure varies since the flow 
is pulsatile. This can be solved by using a gas-containing chamber to even out 
the pressure, though this does not seem to be carried out a great deal. This 
may explain why pressure measurements in hollow fibre reactors are used so 
infrequently. Care should be taken when fitting the tubing since it can wear 
through very quickly if positioned poorly. At present there do not seem to be 
many computer controllable pumps on the market, and this is one parameter 
which is particularly required by our work. 
Another pump which has been used effectively in biological systems is the mag-
netically driven gear pump. This works by having a magnetic block connected to 
a gear wheel all contained inside a sealed chamber. An alternating magnetic field 
is applied around the pump chamber which drives the magnetic block and hence 
the gear wheel. The pumping chamber can be separated from the main body of 
the pump and connected to the experimental apparatus and autoclaved with it. 
The advantages of this pump are that it :- 
- provides an almost constant flow, hence a constant pressure can be achieved. 
- can easily be controlled from a computer. 
- if gears fail, a leak will not occur. 
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A disadvantage of the gear pump is that it should not be run dry and has to be 
primed. 
The type of pump which was primarily used was the gear pump for controlling 
pressures. The pump purchased was made by Verder, model number 2030, and 
was purchased from Flowgen in Sittingbourne, Kent. For priming the gear pump, 
changing medium and pH control peristaltic pumps were used. 
5.6.3 Computer and Interface 
The obvious way to collect information from a number of probes is by use of 
a computer and interfaces. In the initial steps the computer would only collect 
data, with a few rudimentary control procedures. As more data is collected a 
more complex control strategy would be put in place. 
Operational Requirements of Computer 
To monitor process variables. 
To control to user's setpoints on upsteam source pressure. 
To take preventative action should any safety limits be exceeded. 
To record all process variables at regular intervals by storage onto disc files. 
To display measurements in an unambiguous and comprehensible form on 
the computer console. A mixture of graphical and numerical displays were 
used. 
To allow setpoint changes by users. 
An IBM-AT compatible PC was bought from DCS Ltd of Leith, Edinburgh. This 
had to be latter swopped for an IBM PS/2-30 PC since the DCS was not 100% 
compatible and so the primary interlace board could not work in it. Two cards 
have been bought, one only recently. 
The card used for most of the data collection is a National Instruments AT-Mb-
16 interface card. This provides 16 analogue inputs, 2 analogue outputs and 
12 digital inputs or outputs. Software to access the card can be bought from 
National Instruments , or self written software could be used. 
The most recent card purchased has two RS-232 ports and an additional printer 
port. This can be accessed using C or basic computer languages or by some of the 
routines in the National Instruments Software. The prime reason for purchasing 
this card was to allow the pH meter and the electronic scales to be interlaced to 
the computer. 
The requirement for control at' the beginning of experimental runs was only the 
pressure on the inlet to the source fibres. Other areas of control will be required 
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such as the regulation of pH, but as described earlier problems with the pH 
readings have occurred making control only recently practical. Temperature was 
being controlled by a water bath initially, and was regulated latterly by using an 
incubator type arrangement. 
The pressure control requires one analogue output signal to the gear pump, this 
alters the flowrate and hence the pressure of the system. 
The pH control will require two digital outputs through relays to switch dosing 
pumps off and on. (one pump for acid and one for alkali solutions) 
List of Computer Logged Measurements 
- Pressure 
* Inlet to source fibres 
* Outlet from source fibres 
* Shell space of reactor 
* Outlet from sink fibres 
- Temperature 
* Inlet to source fibres 
* Outlet from sink fibres 
- Dissolved oxygen 
* Reservoir 
* Outlet from sink fibres 
List of Measurements taken from Samples: Off-Line 






These measurements taken off-line are made periodically (other than the pH 
which is continuous but only noted periodically) from a number of samples from 
different parts of the system. 
Samples are taken from sample ports:-
- Before entering the reactor. 
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- After the sink fibres. 
- From the shell space of the reactor. 
Diagram(5.18) shows the operational layout at the present time. 
CHAPTER 5. DESIGN AND CONSTRUCTION TECHNIQUES 	 89 
Figure 5.18: Layout of instrumentation and reactor connections. 
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Signal Conditioning 
The National Instruments interface card allowed a number of input voltage ranges: 
+5,±5, +10,±10 Volts. For any of these ranges, the instrument signals would 
require additional circuitry. The range chosen was ±10 Volts. It was decided that 
provision for filtering of mains disturbance and electromagnetic noise would not 
be required since none of the equipment dose by would cause such disturbances 
and the leads between probes and interface were short, so minimising the risk. 
Following the successful use of a modular racking system for another research 
project, a similar system was adopted for the interface of the system. It com-
prises of a 64-track back plane fitted with a mains supply and transformer, from 
which a mains and ±15d.c. voltage could be supplied. Three plug-in cards were 
accommodated in the rack, with space for 3-4 more. Each card was capable of 
performing specific functions. The use of the backplane meant that utility sup-
plies, and all instrument readings were available to every circuit board if required. 
Each board operates independently allowing testing or replacement of one part 
of the system without compromising the remaining sections. The wiring of the 
backplane is listed in Appendix (D). 
A short description of each cards inputs and outputs follows. 
- Card 1 Up to six 4-20 mA signals can be received by this card and converted 
into a 0-10v signal. At present only two ports are being used for the oxygen 
probes. 
- Card 2 Input signals are 0-90 mV and amplified to 0-10v output. Four 
channels are being used for the pressure measurements. 
- Card 3 
* Inputs - two signals from thermistors. 
* Output 1 to the gear pump. 
* Output 2 to peristaltic pump (setup but not in use yet) 
Operating Software 
The choice of programming language was dictated by the decision to purchase 
the National Instruments Labwindows system which had libraries to access the 
interface card. The choice of languages were either Microsoft Basic or C. C was 
chosen since extensive programming experience in the department exists, and 
that a highly compatible C compiler exists on the departmental Sun Worksta-
tions. It was envisaged that work would be done on the workstations and so to 
save learning more than one new language C was picked. Other libraries which 
accompany the Labwindows system are ones for real time graphical displays and 
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some statistical function routines. These all save time in getting the monitoring 
program up and running. 
Control and Monitoring program 
The program simply comprises of a loop structure Appendix(B), which carries out 
procedures continually unless an event happens. An event can be an alarm flag, 
or a keystroke which can alter some parameters or cause the system to shutdown. 
Safety Aspects 
A continual monitoring of instrument values is made and compared to their al-
lowable range. At present only the pressure transducers are compared to these 
alarm values. The procedures for the monitoring the other signals are in place 
but not used yet. For pressure signals two different high values are used to signal 
different alarm states. 
- The lower of the high alarms, if exceeded, causes the pressure setpoint to 
be reset at a lower value, with a warning left on the screen. This allows 
medium to be supplied at a lower rate until the problem can be fixed. 
- If pressure exceeds the highest alarm pressure then the pump is switched off 
completely, and cannot be restarted until a user restarts the system. 
Precautions to avoid the gear pump running dry have to be taken, since if run 
for a long period in this fashion the pump would be damaged. To avoid this 
happening two assumptions are made. 
If a leak happens then to maintain pressure a much higher flowrate will 
occur over a relatively short time. 
A sudden drop of pressure occurs without the user changing the setpoint, 
this may be caused by the feed inlet being deprived of liquid. 
either of these occurences automatically shuts the pump off. 
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5.7 Experimental Runs of Dual-Hollow Fibre Biore-
actor 
5.7.1 First Experimental Run 
The experimental set-up is shown below, with feed flow going into both ends of 
the source fibres; this is termed dual-feed flow. In starting the run problems in 
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Figure 5.19: Reactor run in a totally dual supply/sink operation. 
filling the shell space were found. The flow across the membrane, from source 
to shell, was very slow. After inoculation the system was left running. As can 
be seen from the graph(5.20) the shell pressure remained higher than expected. 
There were two sink fibres to every source fibre in the reactor and this should 
keep the shell pressure closer to the sink pressure. As can be seen, this was not 
the case. 
During the run the shell pressure continued to rise, with little flow being noticed 
in the source fibres. At this point it was decided to increase the pressure markedly. 
This caused the shell pressure to drop to around the sink pressure. At this point 
it was thought likely that the pressure transducer had broken for some unknown 
reason. 
The run was continued but still little or no flow was evident in the sink circuit. 
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Figure 5.20: Graph of pressures in the first run of current reactor 
Finally the rig was dismantled and on analysing the source fibres it was discovered 
that tubules of some gel like material had formed in the source fibres. These could 
be washed out of the fibres and remain in a tube like form. This had obviously 
stopped the flow of medium. When the pressure was suddenly increased the 
fibres must have got so dogged that no flow could pass and so the shell pressure 
dropped. For the second run a different flow circuit was used. The same reactor 
was used after cleaning and sterilisation. 
During this run the oxygen probes readings increased until "off the scale" values 
were given. This pointed to problems with the probe due to the use of medium 
or that the probe needed cleaning. 
Conclusion 
This run showed the problem of fouling on the fibres with a dual-feed flow system, 
particularly when the feed had not been filtered. It was decided not to use this 
method of supply for the following runs. 
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Problems were experienced with the pH probe giving wildly fluctuating results 
during the course of the experiment. 
5.7.2 Second Experimental Run 
The primary difference between this run and the previous run is that medium was 
supplied in a flow-through mode i.e. some liquid going in at one end will exit from 
the other. The diagram(5.21) shows this schematically. Another difference was 
that medium was prefiltered by a 0.2pm filter before entering the main circuit. 
This preliltering and feed flow operation has been used on all subsquent runs. 
Source circuit 
Nutrient I 	Clamp to provide 
reservoir 	pump 1 backpressure 
Fr 
Reactor 
Sink circuit configuration 
- Symbol for pressure transducer 
Figure 5.21: Source fibres run with a flow going right through system (flow through 
operation), with the sinks being operated in dual exit manner. 
Inoculation 
The cells were harvested from a lOOmI flask at a viable cell count of 2.47 * 10 5 
cells/ml, at 70% viability. This gave an inoculum of 50mls at 4.94 * 10 5 cells/mi. 
The low viability would mean that a large number of dead cells would be in-
oculated as well, and these would precipitate out in the reactor. After some 
initial precipitation in the shell space due to the inoculum, a steady precipitation 
occurred throughout the reactor run. 
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Cell Counts 
After a few days a 'fuzziness' appeared around the fibres in the reactor. To see if 
this was cell growth a number of samples were taken from the shell space. The 
results are given below:- 
- Day 7, viable cell count of 1.8 * 10 5 cells/mi. 
- Day 9, viable cell count of two samples were 1.0 * 10 5 and 1.1 * 106  cells/mi. 
- Day 10, viable cell count of 3.0 * io, and a non-viable count of 4.5 * iO 
These figures are low, and are due to the live cells adhering to the fibres, so only 
a few cells are being taken out in each sample. 
At the end of the twelfth day the air compressor to the system broke down, and 
the medium had yellowed significantly. The colour change occurred due to the 
reservoir still being supplied with carbon dioxide, this would have replaced the 
oxygen in the medium and cause the pH to rise. The following day the rig was 
dismantled with the shell space being flushed out to see how many cells were 
present. The initial washing was carried out using medium alone, followed by 
washings with a mixture of medium and EDTA. The EDTA was used to dislodge 
any cells adhering to the fibres. Three washes were carried out, with significant 
number of cells in each. More washings could have been made but it was thought 
that this would take to long. The total cell counts were :- 
- Viable 2.0 * 108  cells/reactor volume 
- Non-viable 8.3 * 108  cells/reactor volume 
This gives a cell count of 4.0 * 10 6  cells/ml viable and 16.6 * 10 6  cells/nil non-
viable. It would not be unreasonable to say that a large number of cells would 
have died during the breakdown of the air supply. So the number of viable cells 
counted is a minimum concentration. 
The cell concentrations found in the reactor after it was dismantled show that the 
previous sample readings are not representative of the growth within the reactor. 
So some other method will have to be used to monitor cell concentrations. 
Pressure Readings 
Diagram(5.22) shows the pressure readings from the run. The initial two days of 
the run have been accidentally erased when files were moved from the MSDOS 
system to the Sun system. They would be similar to the first couple of days 
shown. 
As can be seen the shell pressure drops continually, with only slight rises in 
pressure initially after the source pressure is increased. This reduction in shell 
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Figure 5.22: Graph of pressures in the second run of current reactor 
pressure is probably due to the upstream fibres being fouled on the lumen side. 
This effect will be dependent on the pressure used and the flow along the lumen 
space. If a comparison is made of the shell pressure, up to day four , with the 
following days it can be seen that the pressure decreases more rapidly. This may 
be only true for this run so further experimentation will be required. 
To support the assumption that fouling is causing the drop in shell pressure, 
samples were taken from upstream of the source fibre supply to show whether 
cells were growing. These samples showed firstly no cells were in the upstream 
tubes, and secondly that large (larger than cells) pieces of material were in the 
medium even after filtering. These particles may be due to protein precipitation 
in the medium. The particles may cause the fouling of the fibres. 
Conclusion 
The reactor successfully operated for a period of 13 days, and was terminated by 
the breakdown of the air compressor, which supplied air to the rig. The pressure 
profile suggests that fouling occured in the source fibre lumen at a higher rate 
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than on the sink fibres. This was backed up by the detection of large particles 
in the source supply line. Again the dissolved oxygen probes performed poorly, 
and the manufacturer was contacted, resulting in the testing of a new design of 
probe in experiment 4. 
5.7.3 Third Experimental Run 
A leakage after the prefilter and at the injection port of the reactor possibly led 
to the run being contaminated. 
5.7.4 Fourth Experimental Run 
During this run contamination occurred again, source unknown. The new dis-
solved oxygen probe with improved membrane cover was tested during this run 
and found to work. Another was then ordered so monitoring could proceed as 
planned. 
Pressure Profile 
The graph(5.23), shows a failing shell pressure, which eventually is the same as 
the sink pressure. This fall in pressure is probably due to the flow through the 
lumen of the source fibres being insufficient to stop fouling occurring, unlike run 
six which has a high lumen fiowrate. 
5.7.5 Fifth Experimental Run 
No diagram of the pressures are shown for this run, since three of the pressure 
transducers packed in. This was probably the result of continual autoclaving 
reducing their useful life considerably. 
Contamination occurred again, though the cells did manage to more than double 
during the run and remain uncontaminated within the shell. 
- Innoculation 1 * 10 5 cells/ml. at 75% Viability. 
- Final concentration of cells 2.9 * 10 5 cells/ml viable and 2.9 * 10 5 cells/ml 
non-viable 
The run lasted for ten days, so you would expect that a higher cell density 
would be achieved if no contamination had occurred in the feed reservoir. The 
contaminating organism possibly used up some of the components in the nutrient 
supply, and produced some toxic metabolites. This would inhibit the growth rate 
of the Hybridomas. 
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Figure 5.23: Graph of pressures in the fourth run of current reactor 
5.7.6 Sixth Experimental Run 
During the run the two new dissolved oxygen probes were used. They did not 
break down, but due to the contamination of the run, not much growth occurred 
and hence the readings were similar and not shown. The contamination, which 
was by a rod like bacterium, did not get through to the shell side of the reactor, 
or the outlet of the sink fibres. This showed that the reactors integrity had 
remained. The hybridomas had in fact grown, though due to the medium being 
used up by the bacterium, at not a high rate. The run was terminated after four 
days. 
The new Swageloks were used in the setup of the flow circuit. Swageloks are 
connectors which can join to pieces of tubing in a reasonably sterile fashion if care 
is taken. This allows partly dismantling the equipment, and replacing sections if 
required, during a run. The Swageloks also allow the reactor circuit to be made 
up in sections and autoclaved separately, before being joined together for the run. 
This reduces the chance of making mistakes in the circuit since each section is 
comparatively easy to check, the separate sections are also easier to handle for 
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autoclaving. The piping during the run had to be altered continually to avoid 
the kinking of the tubing due to the extra weight of the Swageloks in the piping. 
The source of contamination was found to be the New Born Calf Serum, and this 
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Figure 5.24: Graph of pressures in the sixth run of current reactor 
The graph(5.24) shows the pressure profiles for the run. In this run the difference 
between the inlet and outlet of the source fibres is kept high so as to keep the 
source fibres from being fouled. In the initial half day of the run the source 
pressures are close, therefore the combined pressure is high. This gave a high 
shell pressure. As soon as the pressure of the outlet from the source fibres is 
reduced the sink pressure drops immediumtely. This probably coincides with the 
inoculation of the reactor, reducing the pressure below the sink pressure. As the 
run progresses the shell pressure rises consistently between day 1 to day 3, until 
it is following the outlet pressure of the source fibres. This can be explained 
by a slow deposition on the sink fibres increasing their resistance to flow. This 
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behaviour of the shell pressure is repeated in some of the fibre experiments. The 
source fibres do not get fouled, as in previous runs (run 4) since a large lumen 
flow is present to keep the membrane clear. 
Conclusion 
This run showed that the shell could remain free of contamination, thus showing 
the integrity which exists in this type of membrane reactor. 
The importance of keeping of a high flowrate through the source fibres is demon-
strated. This flow reducing the effects of fouling on the fibre. 
5.7.7 Seventh Experimental Run 
Pressure recordings started on the 13/4/91, but inoculation did not take place until the 
15/4/91. The following day alter inncoulation the air compressor failed, the medium 
turned yellow suggesting that the pH would have killed the cells, this was backed up 
by a sample which had a pH of 6.0. The fall in pH was due to the continued supply of 
carbon dioxide which would slowly replace the remaining oxygen in the medium. The 
reactor was left for one day to see if any growth may occur, then a second inoculum 
was used. A clouding of the reservoir chamber was noted. Two days later fungul like 
strands could be seen in the reservoir and the run was stopped. The reactor was not 
decommisioned immediumtely since we wished to avoid liberating any of the fungul 
spores. Unfortunately the autoclave brokedown at this point so no work could be done 
for the following three months. 
The recording of pressure was made but two of the pressure transducers failed, 
one due to fatigue, the other due to a loose electrical connection in the interface. 
The pressure profile is not shown since it is difficult to interpret anything from 
only two readings. 
5.7.8 Experimental Runs 3-7 
All these runs were carried out when construction and decorating work was being 
carried on in the adjacent laboratory from which the air is pumped into the room. 
The room has a filter and fan so as to keep all air entering the room filtered. Due 
to the dust produced by the construction and painting this became clogged, and 
probably caused some contamination of the room. The other problem was that 
the dust covered the sticky mat beside the door. This mat is intended to remove 
loose dust from your feet as you enter. With the construction work this did not 
happen, due to the mat being already covered with dust. Finally a community 
Of grasshoppers which have been plaguing the building for some years found the 
warm conditions of the room a good enviroment to thrive in, this also caused 
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a possible contamination hazard. These are some of the possible contamination 
sources in the laboratory. It should be pointed out that with two people working 
in this room conditions are less than ideal for the type of work being carried out. 
5.7.9 Conclusion on Experimental Runs 
The reactor worked well, with teething problems being experienced from the pH 
and dissolved oxygen probes. The dissolved oxygen probes have been sorted and 
the new pH probes from Fermiprobe is working well. Problems with contam-
ination have proved severe; this is partly due to the construction work within 
the department and the naturally dirty environment outside the room. This is 
exacerbated by the room being fairly small, making it difficult to work in for two 
or more people. During the runs the room became steamy due to the water baths 
which are used to keep the reservoir to temperature. This is being rectified by 
the use of an acoustic hood for a printer being adapted as an electrically heated 
incubator. 
Another serious problem is the reliance on the air supply for the department, 
which has broken down on a number of occasions. Any breakdown of air supply 
is exacerbated by the CO2 supply remaining on, replacing the oxygen in the 
medium and increasing the pH. A pressure sensor on the air supply could be used 
to flag the operator and the controller could switch off the air/CO 2 supply. If air 
pressure returns then the air/CO 2 supply could be restarted. 
A few important operational considerations have been discovered. 
Prefilter medium to reduce any particulates in feed. 
Maintain a highish flow-through in the source fibres to reduce the build up 
of fouling or polarisation of the membrane. 
A graphical display showing a few days on the computer will point to whether 
fouling is occuring at a faster rate on either of the fibre sets. 
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5.8 Conclusion on Chapter 
A design and method of construction for a dual hollow fibre reactor has been 
developed. This has overcome difficulties which have been experienced by other 
similar constructions in a new fashion, producing a reactor which:- 
- Is relatively easy to construct. 
- Allows the use of different fibres in sink and source fibres. 
- Uses different ratios of sinks to source fibres depending on the relative per-
meability, problems with fouling and the packing requirements of the fibres 
to produce an evenly distributed pattern of sinks and sources. 
- Should be easy to model since a uniform pattern is kept within the reactor 
and is made of a number of repeating units of fibres which can be treated 
by individually. 
- For which possible methods of automating prodution have been suggested. 
These could make the reactor a commercial proposition. 
The interface equipment to monitor the reactor has been constructed and works. 
The computer program can access much of the information, with the exception of 
the pH readings. Problems with the dissolved oxygen probes have been overcome. 
A method to extend the life for the pressure transducers is required. It is dear that 
the pressure readings give information on the fouling of fibres. This information 
can be used to operate the reactor in such a way as to minimise fouling. 
A dual hollow fibre reactor has been produced and run successfully growing ES-4 
hybridoma cells. Problems with contamination have been experienced, but these 
were mainly to do with factors outwith the control of the group. The last two 
runs, which are not reported in this thesis, have had no problems 
Chapter 6 
Modelling of Reactor 
6.1 Introduction 
This chapter concerns the modelling of the reactor flow distribution and the growth of 
hybridoma cells. Several approaches to the dual fibre reactor model are looked at, with 
the reasons for and against each one discussed. The areas considered are :- 
. The use of a commercially available computational fluid dynamics package. 
An analytical solution using Complex Jacobian Elliptic functions. 
. Equations derived by Brotherton and Chau ([14]) and which were further devel-
oped by myself. 
. A computer simulation developed by myself. 
The chapter also covers experiments carried out on single fibres. These were carried 
out to characterise the fibres and the effect of flow on them. This was then tied in with 
the model and the experimental runs on the dual fibre reactor. 
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6.2 Commercial Fluid Dynamics Package 
There are many such packages on the market at the present, though in the Department 
there is only one. This is the package by Creare Incorporated of New Hampshire. Their 
package is called Fluent, and is described as ([46]) a general purpose computer program 
for modelling fluid flow.. It can handle a great number of complex flow conditions 
found in industrial equipment. 
6.2.1 Theoretical Background 
Fluent uses a finite difference numerical procedure to solve the Navier-Stokes equations 
of fluid flow. In addition, it solves for the conservation of the k-e turbulence model, 
chemical species and enthalpy. The numerical technique divides the area of interest, 
the domain, into a finite number of subdivisions. These subdivisions are called either 
control volumes (three dimensional case), or cells (two dimensional case). A partial dif-
ferential equation is discretised over these cells to obtain sets of simultaneous algebraic 
relations. These equations are solved iteratively since they are non-linear. 
6.2.2 Initialising a Problem on Fluent 
To set up a problem on Fluent you have to first draw the system you wish to model. 
Then fit the drawing on to a grid; this grid represents the computational cells. There 
are many types of cell which can be used. A few are given below; they require different 
amounts of information depending on the type of calculation required. 
Some computational cells available are :- 
.wall 
• live (analogous to empty space, where fluid can flow freely) 
• inlet boundary 
• outlet boundary 
• porous 
• mirror 
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One of the first restrictions inherent in Fluent arises from the use of a square grid to 
represent the system to be modelled, especially if it contains curves. This is the case 
when considering a matrix of dual fibres. A two dimensional solution was attempted 
first, using a very rudimentary diagram to represent the fibre matrix. This consisted 
of squares representing the source and sink fibres and produced the result shown in 
figure(6.1). The squares had walls made up of the porous model surrounding inlet and 
outlet squares representing the source and sink fibres respectively. To reduce the time 
for computation to a minimum, as small as possible a representative unit should be 
used for the calculation. This does not necessarily make it easy to comprehend the 
whole pattern, so by the use of mirror cells at the border of the computational area 
the diagram can be increased by a factor of four: figure(6.2). 
A second problem with Fluent was discovered during the setting up of the simplified 
representation of flow. This problem was that the porous flow model could not mimic 
the high pressure drops across an ultrafiltration membrane, so any pressure range used 
had to be scaled down so that the flow pattern was not distorted. It is thought that 
the model could still give realistic flow patterns for two dimensional but not three 
dimensional problems. The reasons for not being able to deal with three dimensional 
problems are :- 
To simulate flow in the two dimensional situation, low pressure differences had 
to be used due to the limitations of the porous cells in Fluent. This meant that 
there was insufficient pressure drop to force flow along the fibre length in the 
model. 
The problem in 1) could be overcome by approximating the pressure profile along 
the fibre , but this could give totally false results since the scaling of pressure relied 
on another model, so any results rely on the accuracy of the second model. 
Further work on two dimensional solutions were carried out using a larger number of 
cells to describe the area. The number of sources to sink ratio was changed to show 
how the flow profile would change. In the first diagram(6.3) a ratio of one source to 
two sinks is used. This provides a fairly even flow throughout the area. In the second 
diagram a ratio of one source to three sinks is used and it can be seen the flows are 
channeled in some sections, with the overall flow being less evenly distributed. 
Figure 6.1: . : Simple representation of a fibre matrix. 
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Figure 6.3: Velocity vectors for a distribution of one source to two sinks, produced by 
Fluent fluiti dvnamks narkae 
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Figure 6.4: Velocity vectors for a distribution of one source to three sinks, produced 
by Fluent Th1i4l dvnamies oar.kawe 
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6.2.3 Conclusion 
The use of Fluent is limited for this problem due to the porous model being unable 
to cope with the high pressure drops which would be expected for an ultraffitration 
membrane. It still provided a useful guide to flows in a two dimensional system with 
various source to sink ratios. The fluent package is being continually updated, so a 
better porous model may become available. In this case a three dimensional solution 
could be undertaken. 
An area not mentioned to in the previous pages is the modelling capabilities of reaction 
rates by Fluent. This could be used to give a simulated set of nutrient profiles across 
the reactor. Insufficient work has been carried out in this area to say if Fluent would 
model this well, since the main initial object was to look at the flow pattern. 
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6.3 Complex Potentials 
Complex potentials have been used to analyse fluid flows for many years prior to the 
advent of computational fluid dynamics packages. One of the most referenced works is a 
book by Milne-Thomson ([45]). This work solves a number of fluid dynamics problems 
which can be represented two dimensionally, using complex potentials. It was thought 
originally that a straightforward solution could be found for the problem, based on a 







Boundary of problem 
Figure 6.5: Representation of fibres for modeling by complex potentials. 
Diagram(6.5) shows the way the problem could be visualised i.e. as a centre source of 
magnitude one, with a square surrounding it with sinks in each corner of magnitude a 
quarter. 
Most problems dealt in the book by Milne-Thomson ([45]) by means of complex po-
tentials, use the trigonometric functions cosine, sine and tan. These could not be used 
in the above arrangement of sources and sinks (6.5) since these functions are periodic 
in only one direction. What is required is a function periodic in two directions. 
6.3.1 Complex Jacobian Elliptic Functions 
The use of Complex Jacobian Elliptic Functions was suggested by Dr. John Byatt- 
Smith of the Mathematics Department in Edinburgh. These functions are periodic in 
two directions and should be capable of forming a solution for a two dimensional setup. 
The function sn(z/m) has poles at z = 2pk + 2qik' on an Argand Diagram(6.6), where 
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p, q are integers and k and k' are known elliptic integrals. It is periodic in x and y so 
that :- 
sn(z + 2ik' + 4k) = 8n(z) 
. . 
x 	x 




Figure 6.6: Poles which can represent sources and sinks of the sn function. 
To get an array of alternate sinks and sources, shift by k + ik' equation(6.1). 




To get the layout in figure(6.7), multiply two functions together. The complex potential 
is the log of this. 
ComplexPotential, fl = A.log [sn.dnl 	 (6.2) t. cn J 
To get the scale right (i.e. rec''agular k = k'), the value used can be found in 









Figure 6.7: Poles which can represent sources and sinks of the sn function plus the dc 
function. 	- 
Abramowitz ([47]) and is k = = 1.8540746773 
Making the array square sided of length L, then z must be scaled accordingly. 
Isn (!)!) An  (Lk) 1 L 




The Complex Potential (6.4) is comprised of two parts, 0 the velocity potential and 1' 
the stream function 
(6.4) 
It is the velocity potential which is required to give the flow field. To get this the 
complex potential has to be split into its real and imaginary parts. This requires a 
considerable amounts of rearrangement of the equations. The results are equations(6.5) 
and (6.6). To reduce the complexity of the parts:- 
sn(z) = s, cn(z) = c, dn(z) = d 
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and :- 
sn(iy) = si, cn(iy) = c1 , dn(iy) = d1 
real part :- 
scd(ci 2di 2(1 - d231 2 ) + m81 2(c2c1 2 + 32 d1 2 ) 
(6.5) 
(c2 + m8 2 81 2 )(c2c1 2 + 82&81 2d1 2 ) 
imaginary part :- 
i8iCidi(&(C 2 C1 2  + .s2 d1 2 ) + ms 2 c2(d2s1 2 - 1)) 
(6.6) 
(c2 + m3 2 3 1 2 )(c2 c1 2 + s2d2si2di2) 
These equations could be solved using some of the NAG Routines for elliptic functions 
on the computer system. This would require an iterative method to find contours for 
stream function and velocity potential. If the pattern of fibres were to change then a 
new set of equation would have to be derived. It was decided at this point that any 
results would probably be very similar to the ones from Fluent and so little benefit from 
further work in this area could be seen. Furthermore, the modification of the flow field 
equation to describe the diffusion, convection and consumption by chemical reaction of a 
nutrient species would require mathematical work of considerable complexity, requiring 
time not available to the author. 
6.3.2 Conclusion 
The use of Jacobian Elliptic functions to solve the two dimensional problem was at-
tempted. The resulting equations would require some more work to produce results, 
but it was thought that these results would not add significantly to the knowledge of 
the system since Fluent had already produced results for a similar situation, and was 
easier to modify for new fibre layouts. This easier modification of Fluent set-ups com-
bined with the possibility of three dimensional and reaction rate solutions make the 
analytical solution less attractive compared to possible further work with Fluent. 
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6.4 Equations for a Dual Fibre Reactor: Analysis and 
Extension 
6.4.1 Introduction 
As previously mentioned the reactor closest to the Edinburgh design is the Intercalated-
Spiral Alternate-Dead-Ended (ISADE) Hollow Fibre Bioreactor ([14]). A close look at 
the assumptions for the published equations has already been made. The equations 
describe the pressure profile in a logical, though idealised way. As a starting point for 
further work on modelling of the reactor designed and built in Edinburgh it seemed 
sensible to extend these equations. What follows will be a quick run through the 
derivation of the ISADE reactor equations for pressure followed by the extension of the 
equations. The results will be plotted and compared. 
The growth model developed by Brotherton ([14]) will be looked at, with particular 
interest in the operational parameters used as a guide. 
6.4.2 Equations for ISADE and single fibre reactors 
The derivation starts with the equations of continuity and motion. These are simplified 
by assuming inertial terms are negligible i.e. meets the reduced Reynolds number 
criterion ([48]). This gives equation(6.7). 




A diagram of the associated velocities is given, diagram(6.8) to clarify the situation. 
where P = P(z), change of pressure with axial distance z, R = radius of fibre, r = 
radial position. 
The continuity equation can be area averaged to provide the radial velocity (6.8) 




 = ;; a 	- 	 (6.8) 
from which the wall (i.e. r = R) velocity is given as equation (6.9) 
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Fibre Wall V - radial velocity 
V -axial velocity 
Vw -wall velocity 
Figure 6.8: Diagram showing co-ordinates used in derivation of equations. 
R3 (d2 P) 
vw  = (6.9) 
The flow is assumed to be pressure driven and can be represented by equation(6.10) :- 
vw = Am [P(z) - P,] 	 (6.10) 
where A m = Permeability of wall 
P. = External pressure (shell pressure) 
All pressures are made dimensionless by dividing by the inlet pressure to 
the arterial fibres. The length z of the fibre is made dimensionless by the 
dividing by the length of the fibre L. 
Combining equations (6.10) and (6.9) gives a second order differential equation (6.11) 
d2F 2 --a (P—P5)=0 	 (6.11) dz2 
where a is called the pressure modulus (6.12) 
a=L I16.ILAm 
V R3 	 (6.12) 
where :- L = length of fibre, t = viscosity 
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Using appropriate boundary conditions equation(6.11) can be solved for the arterial 
and venous (source and sink) fibres in the ISADE reactor, and for the single fibre 
reactor. 
6.4.3 Solution for Single Fibre Reactor 
Boundary Conditions:- 
at z = 0, P = 1 (inlet) 
at z = 1, P = 0 (outlet) 
gives equation (6.13) 
P(z) = P. + (1 - P8 ).cosh(a.z) - /3.sinh(cx.z) 	 (6.13) 
where 
	
/3 = P. + (1 - P.).cosh(a) 	
(6.14) 
sinh(a) 
6.4.4 Solution for ISADE Reactor 
Boundary Conditions :- 
. For the arterial (source) fibres 
- z = 0, P = 1 (inlet pressure) 
- z = 1, 	= 0 (no flow at closed end of fibre) dz 
. For the venous (sink) fibres 
- z = 0, 	= 0 (no flow at closed end of fibre) dz 
- z = 1, P = 0 (outlet pressure) 
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Gives equations for:- 
Arterial Fibre 
P(z) = P. + (1 - P3 ).[cosh(a.z) - tanh(a).sinh(a.z)J 	(6.15) 
Venous Fibre 
	
P(z) = P.(l - c08h(a.z)) 	 (6.16) cosh(a) 
The shell pressure P8 can be calculated from an overall mass balance of the ISADE 
Reactor. (Total flow out of arterial fibres = flow into venous fibres) 
P. can be expressed as an equation (6.17). 
A,,,R tanha 
Am,oRo a 
= tanhan 	AmR tanha 	 (6.17) 
ao + Am,oRo a 
where :- 
subscript 0 is for the sink fibre. 
if A n = Am ,, R = R0 and a = a0 the non-dimensional shell pressure is simply a half. 
In the design of a reactor it would not be beneficial to have it operating with the feed 
lumen pressure being the same as the shell pressure. It is possible to use the above 
equations to form a worst case, where pressure at the dead-ended end of the arterial 
fibres is the same as the shell pressure. This results in an equation (6.18) which can be 
easily solved to give an a approximately equal to 3 when z = 1 as the worst case. 
tanha.tanh(a.z) - 1 = 0 	 (6.18) 
As can be seen from graph(6-9) the higher the alpha the more uneven the pressure 
profile along the fibre length. If no fouling occurs then the difference between the 
pressures of the arterial or venous fibres and the shell pressure is proportional to the 
flow out or into the fibres. This would mean that at a high alpha there would be flow 
from arterial inlet end of the reactor to the other. This flow should be avoided in the 
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Figure 6.9: The graph shows the effect of changing alpha on the pressure profile along 
the ISADE reactor 
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shell space if possible. The reasons for this have been discussed in earlier chapters. A 
design would preferably have no flow along the reactor shell space. To achieve this, 
flow out of an arterial fibre at any axial point would equal flow into a venous fibre at 
that position. This would stop longitudinal flows (Starling flow) occurring and result 
in a homogeneous mixture in the reactor. 
6.4.5 Equations Derived for Edinburgh's Dual Hollow fibre Reactor 
The following equations are developments of the Brotherton equations carried out by 
myself. To derive the equations a set of boundary conditions suitable for the dual fibre 
reactor are used to solve equation(6.11). Two general methods of operating the reactor 
are proposed, and two different sets of equations are derived. 
Dual Feed Operation 
The method of operation has been already described. A diagram(6.10) below shows 
the essential principle. 
- OUTLET 
Figure 6.10: Simple schematic of dual feed operation. 
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The boundary conditions for this method of operation are :- 
. For the arterial (source) fibres 
- z = 0 and z = 1, P = 1 (inlet pressure) 
- z = , 	= 0 (no axial flow at centre of fibre) 
• For the venous (sink) fibres 
- z = 0 and z = 1, P = 0 (outlet pressure) 
- z == 0 (no axial flow at centre of fibre) 2 77 
Arterial fibre equation for dual feed hollow fibre operation 
P(z) = P8 + ( 1 - P8 ).[cosh(cx.z) - tanh(.sirih(cz.z)J 	(6.19) 
Venous fibre equation dual feed hollow fibre operation. 
P(z) = P8 [1 - cosh(a.z) - tanh()sinh(a.z)] 	 (6.20) 
These equations (6.19, 6.20) when plotted give graph(6.11). 
It can be seen that a higher alpha value can be used while retaining a higher pressure 
along the fibre lumen than in the ISADE design. Furthermore flows out of the source 
fibres are exactly the same as the flows going into the sink fibres at any axial position 
along the fibre lumen. This implies that no Starling flow should be present. 
Flow-Through Operation of Dual Fibre Reactor 
There are two ways of operating what will be termed as flow-through operation. 
1. Forced flow in both circuits travels in the same direction (diagram(6.12)), i.e. 
cocurrently. 
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Figure 6.11: Graph showing the effect of changing alpha on the pressure profile along 
the reactor for a dual feed operation. 
INLET 	 OUTLET 
SOURCE 
INLET 	SINK 	 OUTLET 
Figure 6.12: Simple schematic of cocurrent flow-through operation. 




INLET 	 OUTLET 
SOURCE I 
OUTLET 	SINK 	INLET 
Figure 6.13: Simple schematic of countercurrent flow-through operation. 
2. Forced flow in circuits travelling in the operation, countercurrent diagram(6.13). 
The boundary conditions for both of these modes of operation are almost the same. 
The conditions for cocurrent are taken :- 
. For the arterial (source) fibres 
- z = 1, 	= DR (DR is the rate of pressure drop associated to the flow 
leaving the fibre) 
- z = 0, P = 1 (Inlet pressure) 
. For the venous (sink) fibres 
- z = 1, P = 0 (outlet pressure) 
- z = 0, 	= VR (VR is the rate of pressure drop associated to the flow 
entering the fibre) 
When these boundary conditions are applied to the second order equation(6.11), the 
results are:- 
Arterial fibre equation for flow-through reactor operation. 
1P(z) 1  = P. + (1 - P8 ).[cosh(a.z) - tanh(a).sinh(cx.z)] + D sinh(a.z) (6.21) cosh(a) j  
where 
D = constant (dimensionless pressure) equivalent to DR. 
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Venous fibre equation for flow-through reactor operation. 
P(z) = P8(1 - cosh(a.z)  ) + V[tanh(cz)cosh(cx.z) - sinh(a.z)J 	(6.22) 
where :- 
V = constant (dimensionless pressure) equivalent to VR. 
When these equations are plotted for cocurrent operation we get a set of profiles similar 
to ISADE reactor profiles. As V and D tend to zero then the curves of the flow-
through operation tend to the ISADE pressure profile. This can be seen from the 
equations(6.21,6.22) since the parts not multiplied by V and D are the same for both 
models. Is 
A5 0 ncrease 
E0.6 
04 
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Figure 6.14: Graph showing the effect of changing D and V on the pressure profile for 
cocurrent operation. 
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It can be seen from graph(6.14), that the larger the value of D and V the greater the 
pressure drop along the fibre. In the cocurrent case this accentuates the axial flow 
along the reactor shell. 
In the counter current operation graph(6.15) axial flow in an ideal solution should not 
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Figure 6.15: Graph showing the effect of changing D and V on the pressure profile for 
countercurrent operation. 
It is obvious that with a flow-through operation the theoretical performance of the 
reactor should not be as good as that for the ISADE or dual feed operation. However 
in the running of the reactor, fibre experiments and in the literature ([44]) the use of 
dead ended fibres causes severe fouling and subsequently high reduction in performance. 
It would appear that running the reactor in a flow-through mode would be best in 
particular in countercurrent operation. To improve the operation of the reactor further, 
the sink fibres can be operated as dual feed, or more aptly named dual outlet, with the 
source fibres being run as flow-through. 
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An equation for the shell pressure can be derived for this setup and is given below 
(6.23). 
[11 
A.nR (tanha - D - aha 	
(6.23) Am oR 	
a 
= tanhczp + AmR (tanhcx 
CIO   o	m ,oRo 	a 
The pressure profiles for a reactor run in this mode are shown with the flow in the 
source fibre outlet being increased. This is simulated by increasing the value of D. 
It can be seen from graphs (6.16, 6.17, 6.18) that as D increases the shell pressure 
decreases and the pressure of the source fibre outlet decreases also but at a faster rate. 
So as D is increased a cross over of the outlet from the source fibres and the shell 
pressure would occur. This would cause flow to go from the shell to source fibres , and 
also cause a length where no flow would be exiting or entering the source fibres. This 
would cause pronounced Starling flow. 
Presa,. 0-0.0 1••••... 	 - 
.
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Figure 6.16: Graph showing the pressure profile for a reactor with flow-through source 
and a dual outlet sink sets of fibres, with no flow exiting source end. 
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Figure 6.17: Graph showing the pressure profile for a reactor with flow-through source 
and a dual outlet sink sets of fibres. With D = 0.05 
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Figure 6.18: Graph showing the pressure profile for a reactor with flow-through source 
and a dual outlet sink sets of fibres. With D = 0.125 
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6.4.6 Conclusion on pressure models 
The equations derived by Brotherton et al and further developed by myself are a useful 
starting point for reactor design. In particular the parameter alpha gives a useful guide 
to design. What the equations do not cover is the effect of fouling or polarization of 
the membranes and, as operational experience has shown, these are very important 
parameters. 
6.4.7 Growth Model for ISADE Reactor 
The growth model uses the pressure profiles calculated using the equations derived in 
the previous section. These equations can be used to calculate the velocity and hence 
the flowrate out of the fibres at any axial position along its length. No axial flow in the 
extracapillary space is considered, and the growth model is based on the flow exiting 
the source fibres. 
A simple Monod growth equation is used with additional balance equations. From this 
some boundary conditions are applied to simplify the equations. A numerical Crank-
Nicolson algorithm is used to solve the equations. An unlikely assumption made is 
that the feed concentration to the reactor would be constant throughout the run. This 
is unlikely since not all the nutrient would be used within the first pass (apart from 
oxygen, possibly), and so the feed would be recycled with the oxygen being replenished. 
The cell concentration profile for a high alpha designed reactor is non-uniform due to 
the flow distribution. Cells are at high concentration at the entrance of the reactor 
between the two sets of fibres, further down the reactor the cell concentration is still 
high close to the source fibre but falls as it approaches the sink fibre, this fall increases 
the closer to the exit end of the reactor you get. These types of cell concentration have 
been shown in the models developed by Brotherton et al ([14]) 
To model the reactor a number of dimensionless groups are used to describe the flow 
and utilisation rates within the reactor. In using these dimensionless groups it can 
happen that the actual situation is forgotten about and unreasonable figures are used. 
In the values of permeabilities quoted no allowance for the type of medium is used. So 
if a permeability for water is given, which is common information from manufacturers, 
this permeability could be a factor of ten out compared to actual one for medium ([95]). 
To avoid possible shear damage Tharakan et al recommend a maximum velocity of 
1 * 10- cm/s. In many of the examples used by Brotherton et al a Peclet number of 
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greater than 100 is used which has a velocity equivalent to 1 * io- cm/s. This may 
not damage the cells, but some experimental work could be useful to justify the model. 
It would seem that experimental work should go hand in hand with model development 
particularly where assumptions are made about the physical properties of the system 
i.e. fibre permeability, and the cell physiology. 
To achieve a high flowrate across the membrane an initial supply pressure of at least 30 
p.s.i. is used, with a resultant shell pressure of 15 p.s.i. . The use of such high pressures 
does not occur in other types of reactor, this may be due to the reactor type or some 
physiological damage to the cells. Another problem in using high pressures is in the 
use of large pored fibres in the reactor construction, fibres with increasing pore size 
produced by Amicon, can only withstand lower pressure before breaking compared to 
the smaller pored fibres. The pressures given as a maximum for 5, 50 and 100 kDalton 
fibres are 30, 20 and 3 p.s.i respectively ([6]). For the fibre used in the Setec reactor a 
maximum pressure of 25 p.s.i. is given ([23]). 
It is of course useful to have a descriptive system with numbers such as Peclet and 
Thiele, but a false sense of security can be found making the problem stray outside real 
limitations. 
6.4.8 Conclusion on growth models 
The growth model derived by Brotherton et al([14]), provides an insight to the possible 
limitations of the reactor. These limitations are greater than indicated since fouling 
of the membrane would cause a change in the permeability of the fibre requiring an 
increase in pressure to compensate. 
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6.5 Computer Model of Dual Hollow Fibre Reactor 
6.5.1 Introduction 
This section deals with the authors' computer model of the dual hollow fibre reactor. 
The initial concept was to produce a model which could predict pressures and flows 
in a hollow fibre reactor. This model had to allow for changing permeability of the 
membrane due to simulated fouling of the fibres. This model could then be compared 
to readings taken from experimental runs, and help explain them. It was assumed that 
fouling would play an important part since any retention of material by a membrane 
causes a change in permeability, and this change has been surprisingly ignored in similar 
models by other authors. 
To solve the problem a computer model seemed ideal since :- 
. Problem can be easily split into sections and solved iteratively. 
• Careful programming can ensure that the program is made of sections (blocks) 
which pass specific information. These blocks in themselves can be simple but 
could be built on by other blocks to solve complex situations. 
• With the block building a certain amount of flexibility is present since blocks 
can be replaced or changed without altering the rest of the program. This is an 
advantage over the analytical solutions which may have to be completely renewed. 
Since the reactor design was still evolving the importance of having a flexible approach 
was paramount. This flexibility allowed other reactor layouts to be looked at without 
severe changes having to be made to the program. 
The idea of a set of building blocks is illustrated by the adaptation of the initial 
pressure-flow solution by attaching a set of growth models. The growth model was 
added to give information on nutrient utilisation within the reactor, and to provide a 
realistic guide for fouling. It would be expected that fouling on the sink fibres would be 
due to cells or cellular products, so having a growth model would be useful. Utilisation 
of nutrient is not covered by previous models of fibre reactors. Usually the models 
assume a constant feed concentration. This is unreasonable since this would imply 
that media would be passed through the reactor only once. This one pass would not 
utilise all of the expensive nutrients, and in reality reactors are run with a total recycle 
with occasional replacement of media. 
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The growth model does not take account of diffusional transfer, assuming a convective 
flow dominant supply of nutrient. This would be similar to the nodular cell dump 
distribution given by Cima et al and Ku et al ([22, 25]). 
Following Sections 
The sections which follow, fall roughly into these areas :- 
Method of basic pressure flow solution. 
Growth model used and how it is solved. 
Layout of the computer programs which have been written and their abilities. 
Results of simulated runs with and without growth models and fouling. 
6.5.2 Method of solution for Pressure and Flow in the reactor 
The basic method of solution for pressure and flow comprises mainly a loop which checks 
the mass balance of the reactor. For a single fibre reactor(SFR) this loop encloses a 
single fibre. For the dual fibre reactors the boundary is moved to surround the source 
and sink fibres. The basic method of solution is :- 
Splitting fibre length into sections. 
Each section has attributes associated with it such as length, diameter and per-
meability. 
User defined parameters for calculation. 
• Inlet pressure for source. 
• Outlet pressure for source. (Not applicable for dead ended reactors) 
• Outlet pressure of sink (Not applicable for SFR). 
• Ratio of source to sink fibres. 
Estimate shell pressure from the average of inlet pressure of source fibre and set 
outlet pressure of sink fibre or for the SFR reactor take the average of the inlet 
and outlet pressures. 
Estimate flow along fibre lumen. 
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• For dead ended reactors this can be approximated for the first guess as the 
flow out of the fibre with the given values for inlet pressure estimated shell 
pressure and given permeability of the fibre. 
• For 'flow-through' and 'SFR.' reactors the approximate flow can be calculated 
from the Hagen Poiseuille Equation ([54]). 
Calculate flow through wall (which can be either direction) using pressure into 
fibre section, and therefore by difference the lumen flow out of this section. 
Flow Through wall =Am (Pin_.ti,, - 
Use the average flow to calculate pressure drop along section using the Hagen 
Poiseuffle Equation. 
Repeat 6) using new value for pressure calculated from 7). 7) can be repeated to 
improve accuracy. 
Repeat 5) to 8) till last section reached. At this point the calculation for the SFR 
would carry out a mass balance between the flow entering and leaving the ends 
of the fibre. If these did not balance then the shell pressure is altered up or down 
depending on the relative values of the flows, unless it is the first run in which 
case the estimated flow is updated and another iteration is done. 
For the other types of reactor a similar calculation for sink fibres is carried out, 
this time calculating flow from reactor shell to fibre. Once this is completed a 
comparison of the flows entering and leaving the source and sink fibres is made. 
If the mass balance is not within tolerance the shell pressure is altered, unless it 
is the first run in which case the estimated flow is updated and another iteration 
is done. 
Once the system has converged, the permeability for each section can be altered. 
This alteration can be related to the accumulated flow through each fibre section 
or the number of cells or some other parameter. For the source fibres, experiments 
with the fibre test rig show that the change in permeability is related to the 
accumulated flow. For sink fibres the change of permeability is most likely to be 
due to cells or cellular products. 
It may be clearer to show the method of calculation graphically for the different types of 
reactor. For a single fibre reactor, diagram(6.19) gives an indication of the calculation 
method. 
For dual fibre configurations diagram(6.20) gives an indication with the flows valued 
as shown below for each mode of operation :- 




Pressure 	 Pressure 





+ 	' Flow out 
Flow Out 
F' 
Fl = Area of section * Pernabiltiy((P1+P2)t2 -Psheli) 
Figure 6.19: Shows roughly the calculations required for a single fibre reactor. 
. Dead ended reactor Font = Fdin = 0 
• For dual feed reactor Pout = P1, Font is actually negative flow since flow is 
entering the source fibre at both ends. Fdin is negative for sink fibre with flow 
exiting the fibre at both ends. Pdl = Pdout. 
• Flow through operation as shown. 
Shell Pressure 
Pressure 	 SOURCE FIBRE 	 Pressure 
in Pi 
+ 
Out Pout __  
p.' +)2 	 + Flow In 	I Flow Out 
Fout Fin 	Flow Out 
Fl 
Fl = Area of section * Permeabiltiy((Pi+P2)/2 -Pshell) 
Flow In 
Pressure 
Fin 1 Pressure I 
Out Pdout inPdl 	+  +Pd2 	
+ 
Pr I 
Flow Out Flow ln I 
 
Fdin 	 SINK FIBRE 	 Fdout 
Figure 6.20: Shows roughly the calculations required for a dual fibre reactors. 
To test the accuracy of the solution using the numerical model a comparison is made 
against the equations derived by Brotherton et al([14]) and is shown in table(6.1). 
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Comparison of computer profiles versus Brothertons Eqns 
BrothertonsEquation Computer Calculation 
Alpha values 0.512 1.024 2.048 0.512 1.024 2.048 2.048 
Position(z)  10 Sect. 10 Sect. 10 Sect. 20 Sect. 
0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0.1 0.989 0.963 0.911 0.988 0.962 0.906 0.911 
0.2 0.978 0.931 0.839 0.978 0.930 0.831 0.837 
0.3 0.970 0.903 0.781 0.969 0.902 0.772 0.779 
0.4 0.962 0.880 0.735 0.961 0.880 0.726 0.733 
0.5 0.955 0.861 0.699 0.955 0.860 0.690 0.698 
0.6 0.950 0.845 0.672 0.950 0.844 0.662 0.671 
0.7 0.946 0.833 0.652 0.945 0.832 0.643 0.651 
0.8 0.943 0.825 0.638 0.943 0.824 0.629 0.638 
0.9 0.942 0.820 0.630 0.941 0.819 0.621 0.631 
1.0 	1 0.941 0.818 1 0.627 	1 0.940 0.817 0.618 0.629 
Table 6.1: Arterial fibre, dimensionless pressure profiles 
The comparison is made when no fouling is calculated in the model. It is clear from 
this table(6.1), that the numerical model and the equations give results with little 
difference. 
6.5.3 Growth Model and Method of solution 
It may be best to show the blocks which are present in the computer program and 
some of the data which has to be passed. This is shown schematically on figure(6.21). 
What will be dealt with in this section is the growth and reservoir models. 
The growth model used does not take into account diffusional effects. This is a large 
simplification if applied to a single fibre reactor, but it is assumed that with the dual 
hollow fibre construction the convective flow regime will dominate. This may give a 
cell distribution similar to that found by Ku et al ([25]) or the model for cell growth 
occurring in nodules by Cima et at ([22]). The two main objectives for the growth 
models are:- 
Provide a parameter which can be related to the fouling of the sink fibres. 
Give an indication of the nutrient changes over a period of time with cell growth. 
This is the start of the development of a more sophisticated model for control 
purposes. 
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Figure 6.21: This shows the flow of data between different blocks of the program. 
In using the Bree model for nutrient utilisation no account of oxygen uptake is made. 
As previously discussed oxygen has a major effect on the specific growthrate so the 
j used in the Bree model for the computer simulation is modifed to take account of 
oxygen concentration by the equation shown below. 
Jim = UMQXS  where :- 
= rate of change of cell concentration.  
	
/L max = maximum cell growth rate. 	( I/I.q-) 
S = concentration of substrate s (in this case oxygen). (mw-) 
k 3 = saturation concentration for substrate s. 
= viable cell count. 	(cA?  
U 
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Oxygen Model 
The initial model only dealt with one of these parameters, that is the growth and 
the subsequent model for fouling. It also measured the change of dissolved oxygen 
concentrations across the reactor. This model used a Monod type relationship(6.24) 
between growth and oxygen concentration. The constants were taken from Birch et al 
([55]). 
Simple Monod Equation, oxygen dependence only 
- imazS 
- T. + 
where :- 
= rate of change of cell concentration. (cL6 /t.L. I) 
/Amax = maximum cell growth rate. ((/i.-) 
S = concentration of-substrate 8. 
k9 = saturation concentration for substrate s. (otIu , ) 
= viable cell count. (c&4 ,/,,t) 
(6.24) 
Bree Model 
To provide a more realistic growth model a set of equations from Bree et al([56]) and 
Frame et al ([57]) were adapted for the numerical solution. The Bree model takes into 
account a number of different substrates and products which effect the growth of the 
cells. The Frame model restricts the cell density, the logic for this is explained below. 
Specific growth rate: this equation has been adapted 80 that the cells cannot go above 
a certain density, 1 * 109 cells/ml. This figure is derived from the packing density of 
lOim solid spheres in a cm3 ([30]). The size of hybridoma cells range between 7jm to 
15gm with associated packing densities for solid spheres of between 3 * 109 to 3 * 108 
respectively. If the spheres were deformable then a maximum density of about twice 
that for non-deforming cells could be achieved. The figure 1* 10 1 cells/nil is an initial 
figure to work to until more work is done. 
The restriction of density was achieved using the equation(6.25) from Frame et al([57]) 
which is used for surface restricted growth. 
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P = Pm 1  - exp [(—C)(,,n X  X)]} 	 (6.25) 
where :- 
p = specific growth rate. ( (/x,-) 
Pm = maximum cell growth rate. (V) 
x = cell concentration. (C&/L ) 
Xm = maximum cell number.  
C = constant, for these calculations it is set to one. 
Specific Growth rate:- 
Glu 	KAI 	KU 
Al = 	 KGj u  + G1UKAI + AKUI + L 	
(6.26) 
where :- 
Glu, A and L are concentrations of glutainine, ammonia and lactate. (frt,tr) 
KGju is the saturation concentration for glutaniine. 
KAI and  KLI  are the inhibition concentrations of ammonia and lactate respectively. 
Specific death rate 
111 = k( _A 
	L 	KGD 
KAD + AKLD  + LKGD  + Glu 	
(6.27) 
where :- 
Ill = specific death rate. C 
kd maximum specific death rate. 
KAD and KLD  saturation death constants of ammonia and lactate causing death. 'mnt. ) 
KGD is the death inhibition constant for glutamine. 
Change in viable cell concentration (V). 
dV 
(6.28) 
Change in dead cell number. 
dD 
dt 
= c 1 *V 	 (6.29) 
wo r 	/ 
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,u1V—mV 	 (6.31) 
where :- 
G = glucose concentration. 
YG =yield of cells on glucose. ,4 (çe4 /,i. C.  
m = maintenance requirements of glucose for cells.  
Glutamine utilisation 
dGlu - ---1i1V - idIgG - 	 (6.32) 
di - YG1U 	Yp di 	YAg di 
where :- 
YGIu = yield for glutamine.  
Yp = constant relating the production of antibody (IgG) to the utilization of glutamine. 
YAg = constant relating the production of ammonia and the utilization of glutamine. 
IgG = concentration of antibody.  
Rate of production of Ammonia 
dA_ ldGlu 
dt 	VA di 
(6.33) 
where :- 
YA = constant relating the utilization rate of glutamine to the production of ammonia. 
Lactate production 
dL 	1 d 
dt - YL dt 
(6.34) 
where :- 
YL = constant relating the utilization of glucose and the production og lactate. /t) ro- 
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Immunoglobulin(IgG) Production 
dIgG = kV(_KGP 	X 
K0p + G1UX  Ki + 	
(6.35) 
where :- 
k = the maximum production rate of antibody. C-/%,. 
KGP = inhibition constant for glutamine.  
Ki = saturation term for cell mass. 	£'e/A /) 
It is obvious that the model derived by Bree et al([56]) takes into account many pa-
rameters. All other models of hollow fibre reactors pick only a simple Monod type 
dependency, but to get the rates of nutrient utilisation the use of a complex model 
such as Bree's is necessary. 
The methods of solution for both the simple and the more complex model follow the 
same path. As previously described the fibre is split into sections. To extend this out 
into the shell space(6.22) a volume associated to the sink fibres sections is used. This 
is split into cylindrical shells around the fibres. As flow passes across the shells the 
number of cells predicted to be present, and their use of nutrient, is calculated according 
to the model used. The depletion of the nutrient is calculated and the concentrations 
into the next shell is altered accordingly. This is an iterative process since the cells' 
growth and utilisation rates are dependent on the concentration of medium. So for the 
first run of each shell the initial guess of average nutrient concentration of the shell is 
taken from the previous shell exit concentration. This is used in the first calculations, 
with an average nutrient concentration used for the next calculation for that shell. 
Assumptions made for this model:- 
The flow into the fibre is radial in direction. This seems likely from the work 
with Fluent (previous section). To calculate the radial distance over which this is 
true, the average area between the source and sink fibres is found. The radius of 
a circle with the same area is calculated. This radius will be termed the pseudo 
radius. 
The cells are spread throughout the reactor, each cell in a fixed position. This is 
an idealised situation to aid the initial setting up of the problem. 
3. No axial flow exists. This is reasonable since the pressure profiles when no fouling 




Shells surrounding sink section 
Figure 6.22: Shows the shells surrounding the sections of a sink fibre used in the growth 
model. 
exists are fairly uniform, and when fouling is modelled (shown later) the flow out 
of the source fibres is matched closely by the flow into the sink fibres at each axial 
position. 
The growth model is taken over a short period of time relative to the growing period of 
the cells i.e. one hour compared to a doubling time for the cells of about eighteen hours. 
The change in nutrient concentrations in the flows through the reactor are calculated 
for each section and subsequently for the whole fibre. Knowing these changes and the 
flows, it is possible to work out the total change in concentration out of the reactor 
when combined with the number of fibres specified. This can be used to calculate the 
new reservoir concentrations. The reservoir models takes into account accumulation of 
waste products if they are calculated in the growth model. Work by Glacken et al and 
Daiffi et al ([58, 59]) have shown that glutamine degrades with heat. This degradation 
is also accounted for in the reservoir model if required. 
8.5.4 Computer Programs used to Model Reactors 
The basic outlines for the computer programs are described in figure(6.21) except for 
the model for the single fibre reactor. What follows is a detailed description of the 
inputs defined by the user and what these decisions mean in the calculation. 
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Single Fibre Reactor Model Program 
A model for the single fibre reactor was written since it is the simplest form of fibre 
reactor, and provides a good starting point leading on to the various dual fibre reactors. 
Required Inputs :- 
. Inlet and outlet pressure. 
. Fibre permeability. This can be uniform or adjusted to have sections of varying 
permeability from the start. 
. Diameter and Length of fibre. 
• Constant for permeability reduction i.e. the relationship between flow and reduc-
tion in permeability. This can be set to zero if no change is required. 
• Viscosity 
Calculated Values :- 
• Shell pressure. 
• Change in pressure along fibre. 
• Flows in and out of fibre. 
• Change in permeability of each fibre section. 
The assumptions made in the calculations are:- 
• Fouling on the fibres is only significant where flow is entering a fibre. This is not 
totally true in all circumstances, but this model has not been the major work of 
the author and has been left largely unaltered since its inception. 
• Permeability is initially unaffected by direction of flow across the membrane. 
• Flow along the fibre lumen is governed by the Hagen Poiseuille equations. 
The initial program is not very user friendly since it is basic prototype of the following 
more complex programs. It largely deals with pressure and flows in a fashion similar 
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to all following programs. Data can be printed out to a file but no graphical interface 
has been linked. 
Some of the advantages of using the programming language C can be seen when ex-
amining the code for the program appendix(C). All variables can be given meaningful 
names which eases the debugging and documentation of programs. 
Dual Fibre Reactor Model Program 
There has been a whole succession of programs leading to the final set up, all are 
constructed on a "building block" structure. The basic blocks are carried through with 
little modification. 
In the latest program much use of structures is made. This allows the transfer or group-
ing of information. For example the feed concentrations can be given as a structure 
known as a 'struct' in C, in this example it is called component. Structures can be 
defined of the type component with members named ammon, glut, glucose etc. This 
means that a structure could be called outlet and another called inlet of type component 
and and they would have all the same members. So if the outlet glucose concentration 
was used, then it would be referenced outlet—glucose. These structures are used ex-
tensively in the program to pass information. It is part of the C programming language 









Required Inputs are given in Appendix(C) , the extract being from the input file. A 
summary of the inputs is given below. 
. Viscosity 
. Input and outlet pressures of reactor dependent on mode of operation. 
. Dimensions of fibres diameter and length, length of potting sections and drain 
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sections. 
• Type of growth model used, at the present either Oxygen only or Bree model. 
• Type of reactor operation, dead-ended, dual feed, or flow-through feed with dual 
outlet sinks. 
• Pseudo-radius. 
• Fouling constants for source and sink fibres. 
• Initial permeabilities of fibre sections. 
• Initial nutrient concentrations. 
• Reservoir volume required. 
• Number of source and sink fibres. 
Parameters calculated by the computer model:- 
• Shell pressure 
• Pressure profiles in source and sink fibres. 
• Flows in and out of sections in source and sink fibres. 
• Nutrient concentration changes between source and sink fibres. 
• Changes in concentration of nutrient in reservoir. 
• Permeability change due to fouling equations. 
- For the source fibres: 
new permeability = starting permeability - constant *cumulative flow. 
- For the sink fibres: 
new permeability = starting permeability - constant*total cell number in 
section. 
• Cell concentration in each section of shell around the sink fibres. 
Any of these parameters can be outputed to a file or a graphical display. The choice 
though has to be made at the programming level since it is still an experimental piece 
of work. Much work could be done on the user interface, but it should be remembered 
it is a tool at present and not designed for general use. 
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6.6 Computer Simulation Runs 
8.6.1 Introduction 
To give a feel for some of the possibilities of the program several example runs follow. 
These try to highlight the significant effect that fouling can have on reactor performance 
and how using a reservoir model can effect growth within the reactor. It should be noted 
that all 3-dimensional plots are based on the radial axis starting from the outside of 
the source fibre (at the back of the plot) and ending at the outside of the sink fibres 
(front surface). 
6.6.2 Runs 1 and 2 
The following is the basis for all runs unless otherwise stated. This is the set up for 
runi. 	 - 
• Initial cell concentration 1 * 106  cells/nil (1 * 10 12  cells/M 3 ). 
• Operation is flow-through mode in source fibres and dual outlet for sink fibres. 
• Ratio of source to sink fibres is 1:2. 
• Pressure modulus (cx) is one. 
• Bree model is used with oxygen utilisation taken into account. 
• No fouling on sink and source fibres. 
• Pseudo fibre spacing 0.00144m (1.44 mm). 
• Reservoir volume 0.002 m3 (2 litres). 
• Number of sink fibres in reactor is 80, giving a reactor volume of 1.67 litres. 
For run 2 the reservoir volume is increased to 10.002 rn3 , this is to provide an almost 
constant nutrient supply concentration. The pressure profile for this set up is shown on 
graph(6.23). The shell pressure is kept below half the source inlet value by decreasing 
the number of source fibres compared to the number of sink fibres, and operating the 
sink fibres in the dual outlet mode. 
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Figure 6.23: Pressure profile for run 1 and 2, and the initial profile for many of the 
other runs. 
The cell concentration after 120 hrs goes up to three times the starting concentration 
for run 1, diagram(6.24). The reservoir is only just larger than the reactor volume 
so making this run almost a batch reactor. In run 2 the reservoir is so large that 
the nutrient utilised and the waste products produced are insignificant compared to 
the total contained within the reservoir, so giving an almost constant feed concentra-
tion. This produces a cell concentration which goes up 15 times over the original, 
diagram(6.25). These are two extremes but it shows the importance of using a realistic 
feed concentration. 
6.8.3 Effects of Fouling (runs 3, 4, 5) 
Conditions for each run 
. Run 3 - fouling in source fibres (fouling related to flow passing through fibre wall). 
i.e. 
new permeability = starting permeability - constant* cumulative flow. 
• Run 4 - fouling in both source and sink fibres (fouling in source as 3, fouling in 











Figure 6.24: Cell concentration after 120 hrs run with small reservoir, run 1. 
Figure 6.25: Cell concentration after 120 hrs run with large reservoir, run 2. 
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as below :- 
new permeability = starting permeability - constant*total cell number in section. 
. Run 5 - fouling in sink fibres only. 
For run 3 the effect on flow out of the fibre is obvious from graph(6.26). The flow 
is reduced and spread more evenly along the fibre length. The shell pressure reduces 
to compensate for the reduction of flow out of the source fibre and this reduced shell 
pressure subsequently reduces the flow into the sink. This reduction in flow produces a 
flattened pressure profile for the sink fibres graph(6.28), compared to the initial pressure 
profile graph(6.23). 
The reduction in shell pressure follows a straight line relationship with time, graph(6.27). 
This change in shell pressure occurs in some of the fibre experiments which suggests 
that the fouling may be related to the cumulative flow through the fibre. 
For graphs(6.26 and 6.29) the flow/per section is nominally metres cubed 
per second per area of section. 
Flow Profile 
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Figure 6.26: The flows out of the sink and into the source fibres are plotted. Plots after 
4 hrs. and 120 hrs are shown for both sets of fibres, run 3. 
In run 4 fouling in both fibres causes flow out of the source fibres and flow into the sink 
fibres to be distributed along the length of the fibre more evenly, diagram(6.29). This 
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Shell Pressure Versus Time (Expt. 3) 
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Figure 6.27: The change in shell pressure with time for run 3. 
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Figure 6.28: Pressure profile for run 3 after 120 hrs. 
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produces an even growth throughout the reactor and reduces the possibility of Starling 
flow. Problems start arising when the restriction in flow is enough to starve cells. 
The effect on the sink pressure profile is a general flattening of the profile. For the 
source fibre the pressure profile tends towards a straight line. This would be expected 
for the source since the fibre is tending towards a fibre with zero outflow out of the 
walls, i.e. a pipe. These effects can be seen on graph(6.30), the shell pressure stays 
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Figure 6.29: The flows out of the sink and into the source fibres are plotted. Plots after 
4 hrs. and 120 hrs are shown for both sets of fibres. Run 4. 
Run 5 this shows what happens when the sink fibre fouling is predominant, a dramatic 
increase in shell pressure becomes evident: graph(6.31). This may cause problems if 
the organism or cell which is grown in the shell space is affected by pressure in its 
growth or in the production of metabolites i.e. the folding of proteins. 
When fouling occurs on the sink fibres only, a straight line relationship between shell 
pressure and time can be plotted, graph(6.32). A more complex curve may be formed 
when both fibres are fouled at the same time. Another factor will be fibres with different 
pore sizes. The different sized pores will be affected differently by a combination of 
factors such as cell debris, metabolite production, cumulative flowrate and medium 
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Figure 6.30: Pressure profile for run 4 after 120 hrs. 
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Figure 6.31: Pressure profile for run 5 after 120 hrs. 
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Shell Pressure Versus Time (Expt. 5) 
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Figure 6.32: Shell pressure against time for run 5. 
type. 
6.6.4 Effect of Permeability of the fibres (runs 6 and 7) 
Differences from basic set up :- 
• Run 6 - sink fibre permeability half of the original value. 
• Run 7 - sink fibre permeability a fifth of the original value. 
These runs are carried out to show what happens if a lower cut-off fibre is used on the 
sink fibres. (A lower cut-off fibre stops molecules of a smaller size from passing through 
the fibre.) This would be the case if product is to be concentrated within the reactor 
volume. In both the shell pressure increases, dramatically so for run 7. This is shown 
on graphs(6.33) and (6.34). 
To overcome this increase in pressure a higher ratio of sink to source fibres could be 
used, this would increase the pseudo radius which would be detrimental to the reactors 
performance. The poorer performance is due to a larger volume of reactor having to be 
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supplied by each source fibre, requiring higher flowrates, increased shear and increased 
chance of maldistribution of feed. 
Pressure Profiles 
I 11 
0.0 	0.2 	0.4 	0.6 	0.8 	tO 
0n 	MW PoWUa  
Figure 6.33: Pressure profile for run 6 after 120 hrs. 
6.8.5 Dead-ended Operation (run 8) 
Run 8 is run in a dead ended mode for both source and sink fibres. The effect is to 
increase the overall sink pressure profile(6.35), and hence reduce the flows. As discussed 
earlier this mode of operation is not practical and so no other examples are shown. 
6.6.6 Effects of cell concentration, reservoir size and fibre spacing. 
These effects are examined in runs 10, 11 and 12. 
Change from basic set up is shown below:- 
• Runs 10, 11 and 12 start at a higher cell concentration (1 * 10 7 cells /ml (1 * 113 
cells/m3 ))than previous run. 





2.0*1u 	 -*pr_,. 
--' 
a: SW t5*104 	 ..-..- 	p.-,. 
0.0 	0.2 	0.4 	0.8 	0.8 	tO 
- DirnensIorsss Axid Posftion 
Figure 6.34: Pressure profile for run 7 after 120 hrs. 
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Figure 6.35: Pressure profile for run 8 in dead-ended operation. 
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• Run 10 - larger reservoir (20 litres), though only increased proportional to the 
increased cell concentration. 
• Run 11 - increased reservoir volume over run 10 to 500 litres. 
• Run 12 - same reservoir as 11 with a reduced pseudo radius to 0.0005m. 
Comparing runs 10 and 11 after 72 hours, the cells grow to a higher concentration 
in run 11 due to the greater supply of nutrient. This increase in cell concentration 
causes the oxygen supply to limit the growth. This is shown by the profiles for cell 
concentration for run 10 (6.36) and run 11 (6.38), and oxygen concentrations for run 





Figure 6.36: Cell profile for run 10 after 72 hrs. 
An improvement in supply of nutrient is required and this could be done by increasing 
the supply pressure. Another way to improve the growth distribution would be to 
decrease the fibre spacing and the effect of this on a cell concentration starting the 
same as runs 10 and 11 is shown on graph(6.40) and graph(6.41). It is clear that the 
oxygen is not depleted as much as before. This uniform profile has to be balanced with 
the reduction in volume which accompanies it. 














Figure 6.38: Cell profile for run 11 after 72 hrs. 











Figure 6.40: Cell profile for run 12 after 72 hrs. 





Figure 6.41: Oxygen profile for run 12 after 72 hrs. 
6.6.7 Summary of Computer Run Conditions 
Basic Conditions:- 
• Initial cell concentration 1 * 106  cells/ml (1 * 10 12  cells/rn3 ). 
• Operation is flow-through mode in source fibres and dual outlet for sink fibres. 
• Ratio of source to sink fibres is 1:2. 
• Pressure modulus (cx) is one. 
• Bree model is used with oxygen utilisation taken into account. 
• No fouling on sink and source fibres. 
• Pseudo fibre spacing 0.00144m (1.44 mm). 
• Reservoir volume 0.002 m   (2 litres). 
• Number of sink fibres in reactor is 80, giving a reactor volume of 1.67 litres. 
Differences between basic conditions and run :- 
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None. 
Reservoir volume of 10.002 m3 . 
Fouling in source fibres, related to cumulative flow through fibre wail. 
Fouling in both source and sink fibres. 
• Fouling in source fibre related to cumulative flow through fibre wall. 
• Fouling in sink related to cell concentration in the volume between each 
source and sink section. 
Fouling in sink fibres related to cell concentration in the volume between each 
source and sink section. 
Sink fibre permeability reduced by 50%. 
Sink fibre permeability reduced by 80%. 
Sink and source fibres run dead-ended. 
• Initial cell concentration 110 7 cells/mi. 
• Reservoir volume of 20.002 m3 . 
• Initial cell concentration 1*107  cells/mi. 
• Reservoir volume of 500.002 m3 . 
• Initial cell concentration 1*107  cells/mi. 
• Reservoir volume of 500.002 m3 . 
• Reduce pseudo radius to 0.0005m. 
6.6.8 Conclusion on Computer Model 
The computer simulation :- 
• Works well, providing an easily modified method of modelling a dual hollow fibre 
reactor. 
• Provides inputs which have meaning to the operator and designer of the reactor, 
reducing the likelihood of unrealistic operating conditions being simulated. 
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• Takes into account fouling on either source or 8111k or both fibres, showing the 
important effect that this will have on reactor performance. The fouling model is 
based at present on a reduction in permeability proportional to the total amount 
of liquid which has passed through the fibre section for the source fibre, and the 
total living cell population in the volume between the sink and source fibres for 
each section, for the sink fibres. 
Work carried out on fibre test rig (later in chapter), suggests that the reduction in 
permeability of the source fibre may be related to the cumulative flow through it. 
These experiments are carried out with water which may not reflect what happens 
with medium, which has many different components of varying molecular weight. 
The fouling associated with the sink fibre is assumed to be related to the cell con-
centration, since they will block the pores in the fibre themselves, or produce high 
molecular weight products such as antibody which may block the pores. This idea 
of cell concentration being related to fouling is arbitrary since no experimental 
work has been carried out in this area to show what will happen. 
• Allows the use of changing feeds into the reactor. This is important and this 
importance is shown by the computer runs using extreme sizes of nutrient reser-
voirs. These runs show how a culture will grow to high concentration if fresh 
medium (large reservoir) is used until oxygen limitation is reached. If however 
the medium is recycled then the depletion of nutrients such as glutamine, cause 
reduced growth rate, and eventual cell death since it was used up during the run 
and becomes the limiting factor. So any model should take account of changing 
feed concentrations since this reflects actual operation of a fibre bioreactor. It was 
assumed that all nutrient entering the reactor had been oxygenated to saturation. 
• Has scope in modelling a control system before it has been put into place on the 
reactor. e.g. the effect of adding nutrients through the run. 
• Backs up previous work by other authors showing that oxygen is the limiting 
nutrient across a fibre bioreactor. If a high cell concentration is present then 
oxygen is depleted and is the limiting nutrient for growth. This can be seen when 
comparing runs 10 and 11. In 10 the cell concentration is lower, and the oxygen 
is not completely utilised. In run 11 the concentration profile for oxygen shows 
major depletion (6.39), with a resulting uneven cell concentration distribution 
across the reactor(6.38). 
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6.7 Fibre Experiments 
6.7.1 Introduction 
When tackling the modelling of the bioreactor it was found that little qualitative or 
quantitative data exists for the running of hollow fibres. Information on the effect of 
different operational modes with different types of media is necessary to verify par-
ticular lines of reasoning within the model. This information can be used to improve 
the model by providing realistic fouling relationships with calculated constants being 
used. The interest in this area appeared after carrying out some work with a dual fibre 
reactor being run with water and some dyed dextran. The dextran had a molecular 
weight of approximately 162 kDalton, and the reactor fibres were; source 0.1/Am and 
sink lOOkDalton. The result of this experiment is given in graph(6.42). It can clearly 
be seen that on the addition of the dextran the shell pressure increases markedly. The 
increase in shell pressure is probably due to the fouling of the sink fibres by the dextran. 
Dextran Experiment 
jj& 	Mdton of 
- Avuags 
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Th (.) 
Figure 6.42: Experiment on dual fibre reactor with high molecular weight cut-off fibre 
on source and low molecular weight cut-off on sink. 
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6.7.2 Requirements and Construction of test rig 
To get further insights into the effects of fouling by different sized molecules, some 
experiments had to be carried out. To do this work a piece of equipment had to be 
built which met certain criteria :- 
• Facilitates quick and easy interchange of fibres. 
• Allows varying ratios of sink to source fibres. 
• Robust enough to withstand reactor pressures. 
• Compatible with medium i.e. not worn or corroded by medium. 
• Autoclavable, so that media can be used for prolonged experiments without the 
effects of bacterial or fungal growth causing the results to be unrepresentative. 
The main problem was producing a rig which allowed the easy interchange of fibres. 
The fixing of fibres would preferably avoid potting since this would require time and 
make design complicated to allow the fibres to be changed quickly. The problem was 
resolved when it was noticed that the fibres, which have a large inner diameter, fit 
snugly over the end of a 0.1 ml pipette tip. The tips are made of autoclavable plastic. 
A rig was designed and built as shown in figure(6.43). 
	
Hole which has 	 Stainless steel rod 
been th&d.. with threaded ends. 
Threaded 
\ - 	i recess / 
Stainless steel 
ends. 
Pipette Tip 	 0-ring to provide seal. 
Figure 6.43: Basic design of fibre test rig. 
The ends and connecting rod are made from stainless steel. The connecting rod is to 
stop the ends moving or coming out of the polycarbonate sleeve due to pressure in the 
shell. The rod is connected by threaded ends and screwed into a threaded recess in the 
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end sections. The holes for the pipette tips are also threaded, this allows the tips to be 
screwed in and provide the strength to resist the pressure. Potting compound was then 
used to seal the pipette tips in. If potting compound alone was used to seal between the 
tip and wail the tip may move, this movement of the tip would subsequently disrupt 
the experiment. The plug of sealant may also have insufficient purchase to stop it being 
forced outwards if the hole was not threaded. 
The length of the rig is kept small to reduce the effects caused by a non-linear pressure 
profile in the fibre lumen. The completed setup is shown in figure(6.44). To test if 
the fibres would stay on the pipette tips a supply pressure of 5 p.s.i. was used with a 
drop along the fibre of 2.5 p.s.i. and a shell pressure at atmospheric. No leaks were 
observed. 
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6.8 Experiments with Fibre Testing Rig 
6.8.1 Introduction 
Ideally a set of experiments using different liquids and medium preparations should be 
carried out. Initial experiments would use water to test the rig over prolonged periods 
of time and to give experience of what modes of operation would need to be looked at. 
This initial work would also allow equipment and instrumentation to be modified to 
improve the results. 
6.8.2 Actual Experimental Conditions Used 
Initial exploratory experiments have taken place using water as the liquid. The use 
of water carried on longer than planned due to the repeated breaking down of the 
autocalve making experiments using medium in practical. 
The measuring equipment for the water which had passed through the membrane was 
initially a measuring cylinder. This system was not ideal since :- 
• Accuracy of volume measurements were only + or - 0.25m1s. 
• Manual reading, so required regular visits from operator. This would make long 
runs impractical. 
• Not an enclosed system so use of medium preparations would be severely re-
stricted. This was one of the main reasons why water only was used in the initial 
experiments. 
The use of a measuring cylinder was dropped from experiment 17 on, instead a digital 
scales was used. These scales could be connected via an RS-232 port to the computer 
to give instantaneous analysis of the experiment. This had not been fully implemented 
since the wrong communications board was sent, so the necessary programming and 
electronics have been delayed. 
The use of water to give information on permeability and fouling factors for the fibres 
is limited due to:- 
• Water not having a range of molecular weight constituents which may be retained 
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by the membrane, and hence alter the permeability and the rate of fouling, in a 
manner similar to medium. 
• The reported permeability of fibres when medium is used can be ten times less 
than that found for water ([27]). 
Experiments 17,18 and 19 were made using a set of electronic scales. Manual readings 
for these experiments could be taken more often than when using a measuring cylin-
der due to the increased accuracy of the weight readings compared to the measuring 
cylinder, showing that this system of measurement could be effectively used. Another 
advantage of the scales is that the flow circuit can remain totally enclosed. This will 
be important when medium is used. 
Experiments have been carried out in four main areas. 
Dead ended operation with sink and source fibres being the same. 
Flow-through operation with sink and source fibres being the same. 
Single fibre reactor simulated operation. 
Using different fibres for sink and source. 
Polycarbonate cylinder. 
ig. 
Fibre fitted on to pipette tips. 
Figure 6.44: Fibre test rig with ready to be connected up for tests. 
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6.8.3 Dead Ended Experiments 
Experiment 3 
• Pore size of fibre :- 30 kDalton. 
• Mode of operation :- Dead ended for sink and source fibres. 
Permeability is in units m3/s.m 2 .Pa * 10-10 . 
Permeability v Cumulative Flow 
I 
10 	20 	30 	40 	50 	60 	70 
curruative flow (ml) 
Figure 6.45: Graph of permeability versus cumulative flow for 30kDalton pore fibre. 
From graph(6.45) and graph(6.46) it can be seen that the reduction in permeability is 
proportional to the cumulative flow for the source and sink fibres. The rate of decrease 
in the source fibres was higher than that in the sink and this was supported by the 
linear drop of the shell pressure: graph(6.47). 
Experiment 4 
• Pore size of fibre :- 100 kDalton. 
• Mode of operation :- Dead ended for sink and source fibres. 
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Figure 6.46: Graph of permeability and cumulative flow against time for 30kDalton 
pore fibre. 
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Figure 6.47: Graph of pressure against time for 30kDalton pore fibre. 
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Experiment 4. 
C 
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Figure 6.48: Graph of permeability versus cumulative flow for lOOkDalton pore fibre 
in experiment 4. 
The graph(6.48) shows the permeability decreasing proportionally to cumulative flow 
for the source fibres. The sink(downstream) fibres' permeability remains relatively 
constant. The reduction in source fibre permeability is reflected by the fall in shell 
pressure: graph(6.49). 
Experiment 5 
• Pore size of fibre :- 100 kDalton. 
• Mode of operation :- Dead ended for sink and source fibres. 
Both sink and source fibre permeabilities fall proportionally to the cumulative flow 
graph(6.50). The shell pressure follows a curve rather than a straight line graph(6.51). 
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Figure 6.49: Graph of pressure against time for lOOkDalton pore fibre in experiment 4. 
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Figure 6.50: Graph of permeability versus cumulative flow for lOOkDalton pore fibre 
in experiment 5. 
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Figure 6.51: Graph of pressure against time for lOOkDalton pore fibre in experiment 5. 
Experiment 12,13 and 14 
The set up for this experiment is not the same as the previous runs for dead ended op-
eration. In this experiment liquid passes from the shell to the fibre lumen: figure(6.52). 
This is analogous to dead ended operation since little longditudinal flow to clear the 
fibre membrane exists within the reactor shell. 
_,,Liquid flow 
out of fibres. 
Liquid flow 
into shell 
Figure 6.52: Flow of liquid from shell volume to fibre lumen. 
• Pore size of fibre :- 0.1 jim. 
• Mode of operation :- Flow from shell to fibre lumen. 
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The experiment is continued on in experiments 13 and 14 and it is dear that perme-
ability is reduced proportionally to the cumulative flow in each graph(6.53 to 6.57) 
—Fb.1 
>1 
I I I 
2 	4 	6 	8 	10 	12 	14 	16 
.iO 
r (5) 
Figure 6.53: Graph of permeability against time for 0.1 jm pore fibre in experiment 
12 fibre 1. 
It can be seen from graph(6.58), that the permeability decreases with cumulative flow 
in a curve. If the permeability is plotted against the log of cumulative flow(6.59), 
a straight line is produced apart from the final readings. It is difficult to form any 
relationship since the experiments were separated by a 12 hours between each run so 
other effects may come into play. Experiments over longer periods of time will reveal 
more useful information 
Experiment 17 Pressure at 5 p.s.i.g. 
: Pore size of fibre :- 0.1 pm. 
. Mode of operation :- dead ended for source and sink fibres. 
This experiment is operated in the same way as experiments 3,4 and 5 except a digital 
weighing machine is used to monitor the flowrate. 
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Figure 6.54: Graph of pressure against time for 0.1 sm pore fibre in experiment 12 
fibre 2. 
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Figure 6.55: Graph of permeability against time for 0.1 am pore fibre in experiment 
13 fibre 1. 
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Figure 6.56: Graph of permeability against time for 0.1 jim pore fibre in experiment 
13 fibre 2. 
—Fb.l 
1.2 









Figure 6.57: Graph of permeability against time for 0.1 um pore fibre in experiment 
14 fibre 1. 
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Figure 6.58: Graph of of permeability against cumulative flow for 0.1 pm pore fibre in 
experiment 12,13 and 14 for fibres 1 and 2. Stars represent fibre 1, and circles fibre 2. 
This experiment has a change of operational mode part way through the run. It changes 
from dead ended to a flow-through operation. The effect on shell pressure is to stop the 
decline and give a constant value: graph(6.60). The permeability in the source fibre 
reduces proportionally to the cumulative flow until the mode of operation changes: 
graph(6.61). At this point the permeability varies considerably and does not seem to 
settle down. It is suggested from the shell pressure remaining constant that source 
permeability would settle to a constant value, since the sink fibre permeability remains 
relatively constant throughout. The constant sink permeability means that the shell 
pressure is effectively governed by the changes in the source fibre. 
Conclusion of Dead Ended Experiments 
The permeability of the fibres decreases considerably when operated in a dead ended 
fashion. This reduction in permeability happens mainly on the fibres where flow has 
passed first through, and does not effect the second (sink) fibre to such an extent. This 
is an important factor since any reactor is unlikely to have flows which will clear the 
fouling on the shell side of the sink fibres which are in effect dead ended. 
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Figure 6.59: Graph of of permeability against log of cumulative flow for 0.1 jsm pore 
fibre in experiment 12,13 and 14 for fibres 1 and 2. Stars represent fibre 1, and circles 
fibre 2. 
Any operation of a dead ended reactor would be complicated by use of medium and the 
production of cellular metabolites. Complications arise even when water is used, which 
has a small molecular weight compared to medium, which contains relatively high 
molecular weight constituents. In addition to the medium, the size of the products 
from the cells means that a membrane is more likely to become blocked by fouling 
when cells are present within the reactor. This reasoning is supported by work of 
Bruin et al([44]), operating a dead ended membrane using skimmed milk as the liquid. 
The milk is analogous to a protein-containing medium preparation. The results showed 
that a membranes' permeability reduced to less than 5 percent of its initial value within 
minutes of starting an experiment in a dead-ended mode. 
The reduction of source fibre permeability may be caused by polarisation of the mem-
brane due to an accumulation of ions on the fibre wall. 
It is not clear if the permeability is in a linear or a logarithmic relationship with 
cumulative flow. It is likely that longer runs will produce a clearer picture. 
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Expt.17 Pressure 5 p.s.i.g. 
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Figure 6.60: Graph of pressure against time for 0.1 ,m pore fibre in experiment 17. 
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Figure 6.61:. Graph of permeability against cumulative flow for 0.1 Am pore fibre in 
experiment 17. 
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6.8.4 Flow Through Experiments 
This mode of operation is shown on diagram(6.62), and applies at least in part to the 
following experiments. 
Experiment 6 
. Pore size of fibre :- 100 kDalton 
. Mode of operation :- flow-through for source fibres and dual outlet for sink fibres. 
(see diagram (6.62)) 
Inlet of 	SOURCE 	Outlet of 
source _______________ 	source 
SINK  
Outlet of sink 	 Outlet of sink 
Figure 6.62: Mode of operation for flow-through experiments. 
The initially high permeability shown in figure (6.63) was probably wrong, and was 
due to the system equilibrating, after this the permeability is fairly constant for both 
fibres. 
The shell pressure figure(6.64) rises slowly until the outlet pressure of the source fibre 
was increased. At this point the shell pressure rises and steadies. 
Experiment 7 
. Pore size of fibre :- 100 kDalton 
. Mode of operation :- flow-through for source fibres and dual outlet for sink fibres. 
From graph(6.65) it is difficult to see any trend apart from a slight rise in the source 
fibre permeability. This is supported by an increase in shell pressure (6.66) despite a 
reduction in the outlet pressure of the source fibres. 
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Figure 6.63: Graph of permeability against time for 100 kDalton pore fibre in experi-
ment 6. 
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Figure 6.64: Graph of pressure against time for 100 kDalton pore fibre in experiment 
6. 
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Figure 6.65: Graph of permeability against time for 100 kDalton pore fibre in experi-
ment 7. 











Figure 6.66: Graph of pressure against time for 100 kDalton pore fibre in experiment 
7. 
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Experiment 9 
• Pore size of fibre :- 0.1 pm 
• Mode of operation :- flow-through for source fibres no silk fibre present. 
In this experiment flow is out of source fibre with no sink fibre present. All flow is taken 
from the shell which is just above atmospheric pressure. The permeability drops from 
a very high initial value. If permeability versus time or cumulative flow are plotted: 
figures(6.67, 6.68), then a curve could be drawn between the points. 
If permeability is plotted against the log of cumulative flow then a straight line can 
be drawn: figure(6.69). This does not mean that the equation relating permeability 
and cumulative flow is logarithmic, but it does suggest further experiment to see what 
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Figure 6.67: Graph of permeability against time for 0.1jim pore fibre in experiment 9. 
Experiment 11 
• Pore size of fibres :- 0.1 lim 
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Permeability V Cumulative Flow Expt9 
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Figure 6.68: A graph of permeability against cumulative flow for 0.1m pore fibre in 
experiment 9. 
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Figure 6.69: 'Graph of permeability against log of cumulative flow for 0. 111m pore fibre 
in experiment 9. 
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Figure 6.70: Graph of pressure against time for 0.1pm pore fibre in experiment 9. 
. Mode of operation :- flow-through for source fibres 
The picture from the permeability profiles (6.71) is not dear. It appears that the source 
permeability is dropping faster than the sink permeability. This impression is backed 
up by the slight reduction in shell pressure shown in flgure(6.72) with the figures given 
in Appendix(A). 
Experiment 15 
e Pore size of fibre :- 0.1 pm 
e Mode of operation :- flow-through for source fibres no sink fibre present. 
This experiment like 9 has flow out of a single fibre into the shell space with no sink 
fibre. The permeability of the fibre remains constant up to a time of 10000 seconds, 
figure(6.73). At this time the back pressure is increased on the source fibre, figure(6.74). 
This increase causes the permeability to reduce, showing the importance of the flow 
along the fibre in stopping polarisation or fouling. 
I I I 
0*10° 	 i.io 	 2.10° 	 3.10' 




Figure 6.71: Graph of permeability against time for 0.1m pore fibres in experiment 
11. 
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Figure 6.72: Graph of pressure against time for 0.1jm pore fibres in experiment 11. 
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Figure 6.74: Graph of pressure against time for 0.1zm pore fibres in experiment 15. 
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Experiment 17 
. Pore size of fibre :- 0.1 pm 
• Mode of operation :- flow-through for source fibres. 
This experiment was carried on over consecutive days, though not run continuously. 
Each part of the experiment is run at a different pressure. 
Using a pressure of 1.5 p.s.i.g. on the first day, an increase in source and a decrease in 
sink permeabilities occurs, figure(6.75). These changes can be noticed in an increasing 
shell pressure, figure(6.76). These trends are continued when the pressure is increased 
to 2.5 p.s.i.g., figures(6.77, 6.78). The next pressure used is 3.5 p.s.i.g., the source 
permeability decreases: figure(6.79) along with the sink permeability. The reductions 
in both fibres cancel each other out since no effect on the shell pressure can be seen: 
figure(6.80). 
For the experiments run at 2.5 and 3.5 p.s.i.g. the permeability of the source fibres 
would be greater than calculated. This is due to the shell pressure being higher than 
the outlet of the source fibre. This high shell pressure would cause some liquid to flow 
back into the source fibre near the exit end. It will be the net flow out of the fibre 
which will pass through the sink fibre to the collecting vessel. 
Experiment 18 
• Pore size of fibre :- 0.1 pm 
• Mode of operation :- flow-through for source fibres. 
The relatively constant permeabilities: figure(6.81), in the source and sink fibres and 
produces a constant profile for the pressures: figure(6.82). 
Conclusion of flow-through experiments 
The experiments show the source permeability can be kept steady if flow-through op-
eration is used. Compare this to dead ended operation where every source fibre had 
a reduction In permeability. The reason for the flow-through operation being able to 
maintain the permeability is due to the continual flow across the membrane stopping 
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Pressure at 1.5 p.s.i.g. 
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Figure 6.75: Graph of permeability against time for O.lpm pore fibre in experiment 17 
at 1.5 p.s.i.g. 
the build up a 'resistance' layer. It is not sure what this 'resistance' layer is but it 
certainly occurs in the dead ended experiments. 
Reduction in permeability in the sink fibres occurs and this would no doubt be accen-
tuated by the use of medium and the growth of cells in the shell space. Whether it 
will reduce to a point where preventative measures have to be taken can only be found 
through further experimental runs of the reactor and of the experimental rig. 
The shell pressure provides a useful parameter to estimate the relative change of per-
meability between source and sink fibres. 
6.8.5 Single Fibre Experiments 
In these experiments a single fibre is run with the only flow in and out of the rig being 
through the fibre inlet/outlet. This set up is simulating the use of a single fibre reactor. 
Since the rig is short the pressure profile along the fibre lumen should remain linear. 
This would imply a shell pressure which is half way between the inlet and outlet of the 
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Expt.17 Pressure 1.5p.sJg. 
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Figure 6.76: Graph of pressure against time for 0. 1im pore fibre in experiment 17 at 
1.5 p.s.i.g.. 
fibre. For experiments 8 and 10 this is not the case, figures(6.83, 6.84). To show this 
more clearly for experiment 10 the lines for (Inlet - Shell pressure) and (Shell - Outlet 
pressure) are plotted, figure(6.84). The (Shell - Outlet pressure) line is always higher 
than the other line. If more experiments confirm this result then it implies that the 
permeability of the fibre outwards is higher than inwards. 
6.8.6 Different Fibres on Source and Sink 
Only one fibre experiment; number 19, used different fibres for the source and the sink. 
. Pore size of fibre :- 0.1 ,m source , 100 kDalton sink 
• Mode of operation :- flow-through for source fibres, dual outlet for sink fibre. 
The experiment shows the importance of altering the ratios of fibres to suit the perme-
abilities of the fibres used. if graph(6.85) is considered, the shell pressure is closer to 
the inlet pressure of the source fibre than the outlet pressure. This behaviour can be 
seen in the single fibre reactor experiments. The reason for such a high shell pressure is 
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Figure 6.77: Graph of permeability against time for 0.1um pore fibre in experiment 17 
at 2.5 p.s.i.g. - 
that the sink permeability is negligible compared to the source fibre's. This low value 
causes the system to act like a single fibre reactor. Flow comes out of the source fibre 
at the inlet end and the majority re-enters the fibre at the outlet. Only a small fraction 
of the flow enters the sink fibre. 
To avoid this in manufacturing of a reactor with a lower permeability fibre on the sink, 
a higher number of these fibres should be used compared to the source fibres. 
To find the comparative permeability of the source fibres to the sink, the system had 
to be switched to dead ended operation, figure(6.86). For all numerical values look at 
appendix(A), where tables of results are given for the fibre experiments. 
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Figure 6.78: Graph of pressure against time for 0.1jm pore fibre in experiment 17 at 
2.5 p.s.i.g.. 
6.9 Conclusion of fibre experiments 
A rig has been built which allows quick change of fibres for testing purposes. The rig 
can withstand autoclaving and should therefore be capable of carrying out experiments 
on media preparations through hollow fibres. 
From the initial fibre experiments using water it can be seen that a flow-through op-
eration of a dual fibre reactor is the practical way of operating a dual fibre reactor. 
The effect of flow on permeability can be substantial if the fibre is dead-ended, making 
operation of such a system impractical for the source fibres. These results are surpris-
ing since water has a low molecular weight compared to the size of the pores in the 
fibres. This suggests either contamination of the water with some particles within the 
flow circuit, or that their is some other effect such as the polarisation of ions across the 
fibre membrane. The unsuitability of dead-ended operation is backed up by an early 
experimental run of the dual-fibre bioreactor in the dead-ended mode. The results from 
this experiment showed almost a total blockage of the fibre walls by components of the 
medium. 
For the sink fibres the effect of 'dual-outlet' flow does not reduce the permeability 
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Figure 6.79: Graph of permeability against time for 0.lpm pore fibre in experiment 17 
at 3.5 p.s.i.g. 
markedly, though this was only when water was the liquid used in the fibre experiments. 
Experiments using the dual-fibre bioreactor have also shown insignificant fouling of the 
sink fibres compared to the source fibres when medium was used. Further experiments 
with the fibre test rig and dual-fibre reactor using medium, are required to increase the 
understanding of fouling of both the source and sink fibres. 
The use of different fibres in the source and sink fibres alters the shell pressure and 
flows through the reactor radically. This was shown by experiment 19, further work 
will show how these effects can be reduced and how the use of media preparations and 
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Figure 6.80: Graph of pressure against time for 0.1jim pore fibre in experiment 17 at 
3.5 p.s.i.g.. 
6.10 Conclusion of Chapter 
The modelling of flow within the bioreactor has initially been analysed using a computer 
package and an analytical solution. Both have their limitations, the primary one, for 
both, being that they only deal with two dimensional set-ups. 
Another method of modelling is derived from work by Brotherton et at ([14]), and pro-
duces several sets of equations. A useful design parameter a is defined. This parameter 
can indicate whether a reactor's length or fibre permeability could cause medium supply 
problems. Four additional equations are derived by myself in addition to the original 
ones used by Brotherton et al, which describe different modes of operation for a hollow 
fibre bioreactor. The suggested method of operation by Brotherton et at of a fibre re-
actor, is dead-ended, this has been shown by experiments with Edinburgh's dual fibre 
reactor and with the fibre experiment apparatus to be impractical. The equations I 
have developed cover modes of operation which are practical. 
The fouling which prevents the successful operation of a dual fibre reactor shows the 
significance of blockage of membranes. In all papers published so far on the operation 
and modelling of hollow fibre bioreactors fouling is ignored. The importance of this 
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Figure 6.82: Graph of pressure against time for 0.1im pore fibre in experiment 18. 
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Figure 6.83: The graph of pressure against time for 100 kDalton pore fibre run as a 
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Figure 6.84: The graph of pressure against time for 0.1gm pore fibre run as a single 
fibre reactor. (experiment 10) 
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Figure 6.86: The graph of permeability against time for 0.11Am pore fibre as source and 
100 kDalton fibre as sink. (experiment 19) 
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fouling is obvious from the previous discussion on dead-ended reactors, so a numerical 
model has been written which can take fouling into account. The model is designed 
to be easily changed to allow more sophisticated models to be tried out. This model 
has successfully produced results of flow in and out of fibres as well as the growth and 
utilisation of medium. 
The simulation of fouling in the model is basic with arbitary constants. To get realistic 
fouling constants more experimentation with the fibre test rig and with cultures grown 
in the dual fibre reactor, will have to be carried out. 
The chapter covers a wide range of work leading towards a better understanding of 
hollow fibre bioreactors. At the bottom of all this is the requirement for basic infor-
mation on which to base models of the system. This information can now be gathered 
using the equipment assembled. 
Chapter 7 
Conclusions 
This chapter draws together the main points of research in this thesis alongside com-
ments on relevant work carried out during writing. More detailed aspects of each area 
are discussed at the end of each chapter. The chapter sets out the original objectives 
of the research, followed by a description of the path that was actually taken. 
7.1 Plan and Reality of Research 
First I will outline the original objectives of the research:- 
. To design, build and operate a dual-hollow fibre bioreactor. 
• To purchase and assemble equipment for monitoring the reactor. This monitoring 
equipment was to be ultimately used for control of the reactor. 
• To initiate a control strategy for the reactor. 
7.2 Design, building and operation 
The primary objective, that of design, building and operating a novel dual-hollow fibre 
bioreactor, has been achieved. The construction method makes up the basis for a 
patent application on a workable dual hollow fibre bioreactor. The reactor design has 
been proven by a number of successful experimental runs with hybridoma cultures. To 
operate the reactor successfully monitoring equipment has been built concurrently with 
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the reactor development. At present the readings for dissolved oxygen, pressure and 
temperature are recorded via computer on floppy disc. The medium supply pump is 
controlled by the computer using the pressure readings. To avoid problems with over or 
under pressurising within the reactor circuit, the monitoring software has safety levels 
built in which can shut down the pump in the event of possible leaks or blockages. All 
readings are continually expressed on screen giving up to date numerical readings, and 
longer term trends on graphical displays. This monitoring equipment and software has 
worked successfully over a number of runs. 
7.2.1 Problems with monitoring equipment and reactor design 
Problems experienced when running the reactor, along with some solutions follow. 
Some of these solutions have been implemented as this thesis was written, the work 
being carried out by Mr. Kevin Wright and myself. :- 
• The dissolved oxygen probes when used with medium gave 'off the scale' readings 
after being operated for a few days. This was initially attributed to either one or 
a combination of factors. These factors were :- 
- Dirty electrodes. 
- Either the electrolyte was needing to be replaced or air bubbles trapped in 
the liquid were distorting the readings. 
- The membrane was fouling due to the components in the medium. 
The three factors were eliminated by cleaning of the electrodes, replacement of 
electrolyte and use of a new membrane cover. When the probes were operated 
with medium again they initially gave reasonable readings which degraded with 
time. A further cleaning and replacement of membrane and electrolyte was car-
ried out with the same result. Finally the manufacturer was contacted, it turned 
out that the membrane covers and probe had been modified. When replacement 
probes were sent these worked satisfactorily. 
• The original pH probe used in the rig gave fluctuating readings. To overcome this 
a new pH probe has been purchased from Fermiprobe, this probe has worked sat-
isfactorily, with consistent readings throughout experimental runs over a number 
of weeks. 
• Poor quality of pressure tranducer housings, causing corrosion and possible con-
tamination hazard to runs. This was due to using the wrong type of stainless 
steel, 316 grade stainless steel was specified but the actual stainless steel used was 
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of a poorer quality. The corrosion can cause problems by releasing particles which 
can block the fibres, and at the site of corrosion a good place for spores/bacteria 
to lodge was provided, so causing a contamination risk. 
• A problem in working with stainless steel within the department is that brazing 
is the only available means of bonding the metal together. This is not ideal since 
the solder used to join the metal can rust and cause problems similar to the 
ones noted for the pressure transducer housing. The use of polycarbonate at the 
present time seems better since components produced with this material have 
proved to be sufficiently strong and resistant to the medium and autoclaving. 
• Initially it was thought that temperature within the reactor could be maintained 
by using a water bath to heat the reservoir supplying feed to the reactor. This 
turned out to be wrong, and an incubator made from an old acoustic hood from 
a printer has been built which contains the reactor and feed reservoir, with a 
control box switching a heater on and off to control the temperature within the 
incubator. The reactor now operates at an acceptable temperature of about 37 
degrees centigrade. 
• The main design problem with the initial working reactor was the by-pass of 
medium around the growth volume of the reactor via the sink outlet ports. This 
by-passing prevents accurate measurements of liquid flowing through the reac-
tor, and also the outlet concentration of the medium from the reactor. This has 
been overcome in the most recent experiments using the design modification sug-
gested by Mr. Kevin Wright in Chapter 5. This involves placing the section of 
source fibre passing through the sink outlet region in a stainless steel sleeve. This 
method of construction is time consuming but stops any flows bypassing the re-
actor growth region. This modification allows measurements of flow through the 
reactor to be taken. This is achieved by the use of a downstream vessel into which 
all liquid from the sink fibres can flow. The weight of the vessel and contents 
can be measured by electronic scales. The change of weight over time indicates 
the flowrate. At present the readings from the scales are taken manually. When 
readings are not being taken a peristaltic pump continually removes liquid from 
the downstream vessel back up to the main feed reservoir. 
• The room in which culturing is carried out is surrounded by comparatively dirty 
areas. These areas can provide a contamination risk, this was particularly true 
when a grasshopper type insect, orginating from old college, and which infests the 
campus began enjoying the comforts of a warm culturing laboratory. Generally 
the laboratory is not ideal for mammalian work though not impossible. 
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7.2.2 Realised performance of bioreactor and monitoring equipment 
The bioreactor and supply system has met several objectives 
• The reactor provides an autoclavable vessel, which can maintain a hybridoma 
culture for a long period of time. The growth volume for the hybridomas is 
protected by contamination from microbial organisms which have infected the 
feed reservoir by the use of a 0.1,im pore source fibre. This could allow harvesting 
of product for diagnostic use if it was thought safe to do so. 
• A main objective of the design was to provide a reactor which could be reused 
after simple cleaning and autoclaving procedures. This has been achieved by 
the careful selection of building materials. The reactor end-caps have been used 
for about twelve experiments with only the o-rings being replaced. The main 
body of the reactor containing the fibres, can be used more than once, though 
up to this point we have only used the fibre sections for a maximum of two runs 
each. It should- be possible to re-use them more often, used sections have been 
experimented on by an Mac student, Miss Jane Philp ([96]) with no problems 
being incurred. 
• The main problem with existing designs of fibre reactor was the axial flow along 
the reactor. To overcome this axial flow was one of the design aims. During the 
experiments by Jane Philp with dyed dextrans, an even coating of the sink fibres 
along their length occurred, this may indicate that little axial flow was present. 
If this were true then the cell distribution should be even along the length of the 
reactor. Further work to find out the distribution of the cells has been suggested. 
This work would involve the terminating of a run, followed by the removal of the 
culture fluid. This should not remove many cells since most are attached to the 
fibres. At this point, with the new fibre construction, the fibres can be removed 
from the reactor and chopped up into segments with the cells being washed off 
with EDTA and counted using trypan blue staining. 
Another method of ascertaining if flow in and out of the reactor causes axial flow 
within the reactor space would be to use an acid/alkali test. To carry out this 
experiment a universal indicator coloured alkali could be placed in the reactor 
volume. Through the source fibres an acid could be passed. If axial flows existed, 
then it would be expected that one end of the reactor would change to acid faster 
than the other end. This change should be observable from the colour change in 
the universal indicator. 
• The gear pump has proven to be an effective supplier of medium, which is easily 
controlled via the computer. 




A sophisticated control strategy has not been implemented. This is due to a number 
of reasons:- 
• Very little information on hollow fibre performance in a bioreactor was available. 
This made basic understanding and hence modelling of the bioreactor difficult. 
Permeability of the fibres is severely affected by the fluid used and the mode of 
operation of the bioreactor. 
• The length of time for each run of the bioreactor can be 2-5 weeks excluding 
preparation. This means that to test out the reactor thoroughly and to accu-
mulate information on the culture kinetics within the reactor will require a long 
period of time. The time available for runs was reduced by the breakdown of the 
autoclave on frequent occasions. 
• The length of time required to design and build the reactor plus the time to 
assemble the hardware and write some software for the monitoring system was 
greater than anticipated. 
Work has been carried out during the writing of this thesis by Mr. Kevin Wright and 
myself. So a summary follows of readings which can be made using the equipment as 
of 18th November 1991. 
• Measurements recorded by the computer. 
- pressure 
- dissolved oxygen 
- temperature 
• Measurements which are taken manually at present but which can be recorded 
by the computer once some interface cards are built between the instruments and 
the RS-232 ports on the computer. 
- The cumulative weight of medium passing through the reactor growth region. 
This allows supply flowrate of liquid and hence the permeabilities of the 
source and sink fibres to be calculated. 
- The pH readings for the medium in the main reservoir. 
• Manual measurements which are unlikely to become on-line since they rely on 
laboratory analysis. 
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- Glucose concentration 
- Glutamine concentration 
- Ammonia concentration 
- Antibody concentration 
- Monoclonal antibody concentration 
At this stage almost enough data is being collected to allow modelling of the reactor and 
growth of the cells to proceed, except, no on- or off-line measurement for the numbers 
of viable and non-viable cells present within the reactor is available. Three ways of 
overcoming this problem are outlined below :- 
Ignore the cell concentration as a parameter and instead build up a model related 
to the product, i.e. monoclonal antibody. This may give values of pressure drop 
or nutrient utilisation (which may be implicitily related to cell number) which 
predict the value of antibody produced. It will require more experiments with 
an on-line measurement of the flowrate. The measurement of flowrate will give 
information about the fouling of the fibres by product and cells. A method for 
on-line flowrate measurements is suggested below. 
Carry out a series of experiments which will be terminated at different elapsed 
times of the run. This will build up data on the instrument readings which 
may be indicative of cell number from which a model can be produced. This is 
similar to method 1) but this time the experiments are trying to derive an explicit 
relationship between cell number and other factors such as nutrient utilisation and 
product manufacture. Again the flow measurements would be required. 
Devise a method of on or off-line measurement for cell number. Some methods 
for on-line measurements have been used by other researchers, for instance nu-
clear magnetic resonance for mammalian cells, or for bacterial fermentations the 
"bugmeter". A great deal of work in this area is being carried out, which could 
make on-line measurements of cell concentration in the dual hollow fibre bioreac-
tor practical in the next few years. To this end it may well be worth contacting 
Aber Instruments of Aberystwyth. 
At present Mr. Kevin Wright is trying different methods of off-line cell concen-
tration measurements. The main problem is that the cells seem to adhere to the 
fibres making it impossible to extract a representative sample from the reactor. 
To get flow measurements a set-up as shown in figure(7.1) could be used. This would 
work by switching the peristaltic pump off and on depending on the weight recorded by 
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the scales i.e. pump on when weight is above a certain level, the pump would remain 
on until the lower weight level is attained at which point it would be switched off. 
During the period the peristaltic pump is off the change of weight against time can be 
measured and thus the flowrate out of the reactor. 
Pump 
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of reactor 	 Q 	To main 
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Downstream 
Vessel 
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switching peristaltic pump on or off. 
Figure 7.1: Circuit to measure flow. 
To get on-line flow measurements, connections between the electronic scales and the 
RS-232 port on the computer have to be made and software on the computer has to be 
written to access information from the RS-232 port and convert it into a useful format. 
On top of this a digital output signal to a relay which can switch the peristaltic pump off 
or on has to be made. The work involved to set this running should be straightforward. 
To get pH control, another RS-232 port has to be used to download the pH reading to 
the computer. To inject alkali to alter the pH level would require another digital output 
signal to a relay which would switch a small peristaltic pump off and on. Software to 
interpret the signal, and then either switch the pump off and on as required, would 
have to be written. Again this work should be straightforward, the only problem being 
the signal conditioning between the pH box and the RS-232 port on the computer. 
The proposed monitoring layout is shown in figure(7.2), and shows the immediate work 
to be done. 
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Figure 7.2: Proposed moitoring layout. 
So fax the discussion has concerned monitoring equipment and the building of models 
from experimental runs. To put any control strategy into place on this reactor the 
building up of data on the performance of the reactor is essential. This data can be 
used in models. From these models, predicted values of off-line measurements can be 
made with control actions such as addition of feed or harvesting of product. To make 
such models and control strategies work a certain number of on-line measurements 
have to be made which will be indicative of off-line measurements. Once the flow 
measuring equipment and the pH probe are on-line, work to see if these provide enough 
information can begin. It may be found that none of the on-line measurements give 
predictions which can facilitate medium addition or product harvesting. Manually 
controlled experiments will have to be carried out, with a statistical analysis of the 
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readings from the run being carried out to reveal any underlying relationship. 
Control may well be possible based on the oxygen readings which should provide an 
indicator of the cell number and the metabolic rate of the culture. To improve the 
situation the use of a regular and quick off-line measurement should be used, such as 
the glucose concentration. Using this information the model built up from previous 
runs may well provide sufficient information for nutrient addition and the harvesting 
of product. The type of control algorithm required would be inferential in nature 
(predict other readings) and preferably be adaptive to stop inappropriate control being 
carried out due to contradictory measurements (such as one probe drifting while other 
measurements show steady state). As discussed earlier in the thesis a Kalman filter 
could be used for predictive control, this however does not allow adaptive control. 
An extended Kalman filter allows adaptive methods to be used and can cope with 
non-linear problems. 
At present I would not comment on which type of control strategy would be best. It may 
well be with such a small reactor that anything more than pH and oxygen control i.e. 
maintaining the oxygen level in the outlet without exceeding pressure limits, along with 
manual addition of nutrient and harvesting of product streams, would be inappropriate. 
On a larger scale reactor the benefits of improved control would be more evident. I 
would say the main objective is to build up data to allow a model to be produced. 
From this point, a reasoned control strategy could be applied. 
7.4 Experimental Runs using Hybridomas 
The inital runs were plagued with contamination problems, break downs of autoclave 
and air supplies. These problems have not been fully ironed out yet, but during the 
writing of this thesis two very successful runs have been made. These are not analysed 
within this thesis but it is worth mentioning that cell densities of between 25* 106 
viable cells/ml are being produced. These experiments will point the way to future 
work particularly in the control, modelling and operation of the dual fibre bioreactor. 
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7.5 Work not Originally Envisaged 
7.5.1 Fibre Experiments 
To extend the knowledge on fibre performance with different medium preparations a 
fibre test rig has been designed and built. This will be able to use medium preparations 
over long periods of time without microbial growth, since all materials of construction 
are autoclavable. Unfortunateley the running of this test rig has been restricted to 
using water due to the autoclave being broken at the relevant period. Even with this 
restriction, some useful results have been obtained from the rig. 
o If a fibre is run in a dead-ended mode then the permeability of the fibre will be 
reduced considerably. 
• The amount of flow passing along the fibre can affect the fibre permeability. If 
large flow is used then less fouling is experienced compared to a low flow situation. 
• The sink fibres can be operated in the dual-outlet mode without any problems. 
• The use of different permeabilities of fibres on source and sink can alter the shell 
pressure considerably. These effects can be reduced by altering the number ratio 
of source to sink fibres. 
7.5.2 Computer Model 
To give further insights into the effect of fouling on the fibre reactor a computer model 
has been derived. This allows fouling of the fibres to be simulated, and predicts what 
changes in flows and cell concentrations may occur. The program can also model the 
nutrient reservoir which would normally form part of an operating reactor cyde. Up to 
this point all authors have assumed constant permeabilites of fibres with a feed being 
supplied at a constant nutrient level. If constant nutrient feed concentrations are used 
i.e. feed is not recycled, higher cell concentrations will be achieved compared to a 
run with recycled feed, and problems in accumulation of cellular products are ignored. 
If constant permeabilities are assumed then reactors, which in practice are unusable, 
are made to look very attractive in theoretical operation, for example the intercalated 
spiral-wound alternate dead-ended reactor. The assumption of constant permeability 
and nutrient concentrations are an oversimplification of the problem and make models 
using such assumptions, at best idealized. 
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The computer modelling ties in well with the work on fibres using the fibre test rig, 
and should yield more results as more information on fibre fouling is found. This 
combination of experimental work and modelling helps prevent simplifying assumptions 
which may point to a design which is in reality unworkable. 
The computer model has been designed in blocks so that each block can be changed 
if required without effecting other parts of the program. This can be helpful in using 
different growth models for cultures, and comparing the predicted happenings with 
actual results. The growth models used can be very complex and this is an improvement 
over most other authors which use only simple Monod equation relationships for one 
substrate. Another advantage of the model is the use of a feed reservoir simulation. 
The use of a reservoir model gives a realistic view of reactor operation which other 
models have ignored. When recycling the feed the cells do not grow to such a high 
density as most models would predict, and hence do not meet the oxygen limitation 
predicted by these models. If the feed is supplied without being recycled then the 
growth is restricted by the oxygen supplied. These considerations should be looked at 
more closely when operating a reactor. 
It would be desirable to make a comparison of experimental runs of the reactor and the 
computer model. In a broad outline the simulation of fouling seems to agree well with 
experimental results from the reactor, though the picture is clouded somewhat for any 
comparisons in other areas due to a number of factors 
. Only a few experimental runs were carried out. 
• Of the runs carried out a number have experienced contamination at some un-
known time during the experiment. This uncertaintity as to the point of con-
tamination can confuse interpretation of the pressure readings, dissolved oxygen 
readings and the nutrient levels measured. 
• The nutrient readings in the early experiments were taken at irregular intervals, 
with an insufficient number to give any pattern to results. This has been rectified 
in the most recent experiments (which are not reported in this thesis). 
The growth model used is not for ES-4 cells, it was hoped to use the work of Mr. 
James Wilson but his results did not become available. 
The pressure measurements show results similar to those found for the fibre test rig. 
That is if a low flow along the source fibre is used then fouling is predominant in the 
source fibre wall, If sufficient flow is available in the source fibre then fouling of the 
sink fibre wall predominates. These have been simulated in the computer model with 
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varying levels of fouling on both source and sink fibres. To make comparisons of the 
computer model with the bioreactor performance :- 
. A number of uncontaminated runs will have to be made with regular nutrient 
concentrations being measured. 
. An ES-4 growth model will have to be used. 
• Further work on the fouling of fibres by the use of medium preparations will have 
to be made so that realistic assumptions can be made about fouling factors and 
permeability. 
76 A Summary of Further Work 
• Carry out experimental runs with fibre test rig with a number of different medium 
preparations. This will provide fouling factors and permeabilities of fibres for 
modelling work. 
• Connect up autoclavable pH probe to interface board and implement an on/off 
control for pH via the computer. The use of the new pH probe has proved 
satisfactory, all that is required now is the connecting of the pH box to the 
computer, and the appropriate software to be written. 
• Connect up electrical scales, this will allow automatic analysis of feed rates and 
give on-line information on fibre permeabilities. This information may relate to 
cell or cellular product accumulation. This will require new interfacing between 
the scales and the computer RS-232 port, as well as software to access the new 
information and interpret it into a usable form 
• Gather more experimental data on reactor runs, with the aim of deciding whether: 
a) sufficient information is available to build up a model for control purposes, 
and b) a sophisticated control strategy can be implemented with any measurable 
benefit in such a small rig. 
• Continue improvements in design, particularly in the ease of potting and bundle 
manufacture. This is primarily aimed at stopping leaks from the source fibres to 
the sink outlet, where the existing method is time consuming. 
• The use of different fibres on sink side, perhaps use of lOOkDalton fibres to see 
the effect on antibody production. The original idea of the reactor was to concen-
trated the product in the growth region of the reactor. So far experiments have 
been carried out using 0.1pm fibres for both source and sink fibres. The effect of 
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using lower cut-off fibres may be to cause increased pressure drop across the fibre 
wail due to the accumulation of product. If this fouling of the fibre became too 
much the reactor may not operate successfully, or may require regular backflushes 
and harvesting of product. 
• Use different cell types to see what ones are best suited for this type of reactor. 
It is often suggested in the literature that immobilized systems operate best with 
anchorage dependant cells and it would be useful to find if this were true for this 
reactor. It is also possible that different cell types, whether anchorage dependant 
or suspension cells grow better in different reactor environments, this was pointed 
out when a range of encapsulation materials were used with varying cell types, 
with the optimum material not necessarily being the same for all cells. 
• Rewrite monitoring software to provide on-line analysis of reactors performance 
from inputted off-line measurements such as glucose, concentration, and give 
a more user friendly interface. The new software will be required to display 
fiowrates, pH readings, derived values of source and sink permeabifities, calcu-
lated nutrient utilisation from off-line measurements as well as the existing data. 
To improve the display, graphs covering most of the screen should be used. These 
graphs would cover increased time spans to allow trends to be spotted. All the 
information should be available from a menu, with a panel only for numerical 
display. 
• Carry out experiments to find the cell distribution within the reactor. The 
method to be used has been discussed earlier in this chapter. 
• Carry out comparative runs of the computer simulation against reactor runs. 
These runs will have to have information on the fouling of the fibres so as to give 
realistic supply rates of medium and growth model for the hybridoma used so 
that growth, utilisation and product rates can be calculated. 
• Carry out runs examining the effect of having low-cut of fibres on the source 
wiith high cut-off fibres on the sink and vice versa. This may point to whether 
inhibtion due to product accumulation reduces cell productivity or that important 
nutrients can not pass through the low-cut off fibre in the first experiment. 
• There is an urgent need for either industrial sponsorship of the research or money 
from SERC to allow work to carry on with experimental as well as computer 
research. Requirements are for a new autoclave, improved or new laboratory 
area, more monitoring equipment particularly for on-line analysis of nutrients. 
Companies worth approahing would be ICI Pharmeceuticals, Braun Biotech, Pro-
tein Purification Laboratory and Amicon to mention some. This contact work 
would be helped by a higher profile which could be achieved by the publication 
of results. 
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Appendix A 
Results from Fibre Experiments 
The following tables show the numerical data collected from the fibre experiments. The 
order of the tables is in experimental numerical order. Experiment 3 
Pressure vs Time 30 kKalton Fibre Dead-ended 
Time (s) Pressure PSIG)  
Average Change Upstream Shell Downstream 
Press. In 	Press. Out  
5015 4800 4.98 4.91 1.58 0.15 
8610 2300 5.02 4.95 1.55 0.16 
11055 2590 5.01 4.92 1.52 0.16 
14415 4130 4.99 4.91 1.52 0.16 
19720 6480 4.99 4.91 1.47 0.17 
24016 2200 4.99 4.91 1.41 0.17 
26130 1 	1940 1 	5.02 4.93 1.38 0.17 
Table A.1: Pressure readings for 30kDalton fibres dead-ended in experiment 3. 
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Permeability and Flow vs Time 30 kDalton Fibre Dead-ended 
Time (s) Permeability m3/N.m 2.8(*10 10) Flow (ml) 
Average 	Change Upstream Downstream Change 	Cumulative 
5015 4800 2.88 6.88 13.5 13.5 
8610 2300 2.87 7.109 6.5 20.0 
11055 2590 2.746 6.903 7 27.0 
14415 4130 2.714 6.882 11 38.0 
19720 6480 2.48 6.64 16 54.0 
24016 2200 2.251 6.371 5 59.0 
26130 1 	1940 1 	2.51 1 	7.397 1 	5 1 	64.0 
Table A.2: Calculated permeabilities for 30kDalton fibres, dead-ended, in experiment 
3. 
Experiment 4 
Pressure vs Time 100 kDalton Fibre Dead-ended 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In 	Press. Out 
2350 1300 2.95 2.85 1.51 0.14 
3815 1630 5.01 4.84 3.73 0.16 
5070 1880 5.00 4.83 3.34 0.16 
7345 1670 5.02 4.85 3.32 0.16 
9280 2200 5.02 4.85 3.20 0.16 
11130 1500 4.98 4.81 3.05 0.16 
15920 8080 5.00 4.84 2.64 0.16 
21185 1450 4.97 4.82 2.20 0.16 
23345 1 	1870 1 	4.98 1 	4.84 1  2.06 1 	0.16 
Table A.3: Pressure readings for 100 kDalton fibres dead-ended. Expt 4.0 
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Permeability and Flow vs Time 100 kDalton Fibre Dead-ended 
Time (s) Permeability m3/N.m 2 .8(*10 10) Flow (ml) 
Average 	Change Upstream Downstream Change 	Cumulative 
2350 1300 5.81 5.89 3.0 3.0 
3815 1630 5.99 3.604 5.0 8.0 
5070 1880 7.649 3.807 6.5 14.5 
7345 1670 5.83 2.98 4.5 19.0 
9280 2200 5.944 3.4 6.5 25.5 
11130 1500 5.06 3.22 4.0 29.5 
15920 8080 4.08 3.77 21.5 51.0 
21185 1450 2.915 3.85 5.5 56.5 
23345 1 	1870 1 	2.3 3.45 3.5 60.0 
Table A.4: Permeabifities calculated for experiment 4 
Experiment 5 
Pressure vs Time 100 kDalton Fibre Dead-ended 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In Press. Out  
3445 2070 5.03 5.00 2.04 0.16 
5290 1620 4.98 4.93 1.80 0.17 
7600 3000 5.01 4.96 1.59 0.17 
11050 3900 5.02 4.98 1.39 0.16 
15630 5260 4.99 4.94 1.22 0.16 
20255 3990 4.96 4.92 1.11 0.16 
23025 1750 4.96 4.92 1.06 0.16 
25290 2580 4.99 4.95 1.03 0.16 
31655 10150 5.01 4.96 0.97 0.16 
39465 1 	5570 1 	4.97 4.91 0.91 1 	0.16 
Table A.5: Pressure readings for 100 kDalton fibres dead-ended. Expt 5.0 
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Permeability and Flow vs Time 100 kDalton Fibre Dead-ended 
Time (s) Permeability m3/N.m 2 .8(*10 10) Flow (ml) 
Average 	Change Upstream Downstream. Change 	Cumulative 
3445 2070 2.56 4.05 4.5 4.5 
5290 1620 2.734 5.313 4.0 8.5 
7600 3000 2.41 5.72 7.0 15.5 
11050 3900 1.615 4.73 6.5 22.0 
15630 5260 1.245 4.37 7.0 29.0 
20255 3990 1.145 4.608 5.0 34.0 
23025 1750 0.77 3.32 1.5 35.5 
25290 2580 0.86 3.88 2.5 38.0 
31655 10150 0.0814 4.047 9.5 47•5 
39465 	1 5570 1 	0.062 1 	3.36 4.0 1 	51.5 
Table A.6: Permeabifities calculated for experiment 5 
Experiment 6 
Pressure vs Time 100 kDalton Fibre Flow-Through 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In 	Press. Out 
6450 1100 4.98 2.49 1.92 0.16 
7800 1600 4.98 2.46 1.93 0.16 
9820 2440 5.02 2.46 1.94 0.16 
11640 1820 4.97 2.45 1.95 0.15 
14490 4500 5.00 2.48 1.97 0.15 
17690 1900 4.98 2.48 2.00 0.15 
19690 2100 4.98 2.48 2.01 0.15 
Higher Back pressure applied 
25195 4150 5.02 3.78 2.21 0.15 
27825 1150 5.04 3.80 2.21 0.15 
28970 1140 4.99 3.77 2.21 0.15 
Table A.7: Pressure readings for 100 kDalton fibres in flow-through mode. Expt 6.0 
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Permeability and Flow vs Time 100 kDalton Fibre Flow-Through 
Time (s) Permeability m3/N.m 2 .8(s10 11°) Flow (ml) 
Average 	Change Upstream 	Downstream Change 	Cumulative 
6450 1100 3.49 3.63 2.0 2.0 
7800 1600 3.66 3.72 3.0 5.0 
9820 2440 5.56 5.6 7.0 12.0 
11640 1820 3.31 3.23 2.0 14.0 
14490 4500 4.18 4.04 9.5 23.5 
17690 1900 3.72 3.49 3.5 27.0 
19690 2100 3.87 3.59 4.0 31.0 
Higher Back pressure applied 
25195 4150 3.69 3.924 9.5 9.5 
27825 1150 3.44 3.69 2.5 12.0 
28970 1140 4.25 4.46 3.0 3.0 
Table A.8: Permeabilities calculated for experiment 6 
Experiment 7 
Pressure vs Time 100 kDalton Fibre Flow-Through 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In 	Press. Out 
3880 1700 4.99 3.83 3.14 0.13 
6685 3970 5.01 3.70 3.20 0.13 
10185 2030 5.02 3.65 3.22 0.14 
15470 7540 5.01 3.65 3.24 0.14 
21190 3900 5.01 3.61 3.26 0.14 
24200 2120 5.00 3.53 3.26 0.15 
26370 1 	2220 5.02 1 	3.56 1 	3.28 1 	0.15 
Table A.9: Pressure readings for 100 kDalton fibres in flow through mode. Expt 7.0 
fibres swapped round from expt 6 
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Permeability and Flow vs Time 100 kDalton Fibre Flow-Through 
Time (s) Permeability m3 IN. m 2 .s(*10 10) Flow (ml) 
Average 	Change Upstream Downstream Change 	Cumulative 
3880 1700 3.24 1.366 2.0 2.0 
6685 3970 3.05 1.15 4.0 6.0 
10185 2030 4.14 1.5 4.0 10.0 
15470 7540 3.84 1.35 9.0 19.0 
21190 3900 2.56 0.86 3.0 22.0 
24200 2120 5.71 1.86 3.5 25.5 
26370 1 	2220 1 	3.89 1 	1.258 2.5 28.0 
Table A.10: Permeabilities calculated fro experiment 7 
Experiment 8 
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Pressure VS Time 100 kDalton SFR operation 
Time (s) Pressure(PSIG) 
Average Into Fibre Shell Out of Fibre 
5400 2.48 1.40 1.29 
6500 2.48 1.75 1.29 
7500 2.51 1.88 1.30 
8500 2.51 1.95 1.31 
9500 2.45 1.98 1.29 
10500 2.51 2.02 1.31 
11500 2.52 2.03 1.31 
Increase inlet pressure 
13000 4.50 2.84 1.85 
14000 4.49 3.28 1.97 
15000 4.47 3.45 1.97 
16000 4.54 3.54 1.99 
17000 4.55 3.58 2.00 
18000 4.54 3.62 1.99 
19000 4.54 3.62 1.99 
20000 4.49 3.62 1.97 
21000 4.53 3.63 1.99 
22000 4.46 3.63 1.96 
23000 4.52 3.63 1.99 
24000 4.56 3.63 1.98 
25000 4.55 3.64 1.99 
26000 4.51 3.64 1.97 
27000 4.50 3.64 1.97 
28000 1 	4.45 1 3.64 1.95 
Table A.11: Pressure readings for 100 kDalton fibres in single fibre reactor(SFR) op-
eration. Expt 8.0 
Experiment 9 
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Pressure vs Time for 0.1 pm fibre 
Time (s) Pressure (PSIG) 
Average Change Upstream Shell 
Press. In 	Press. Out 
700 200 5.02 2.14 0.21 
900 200 4.92 2.12 0.21 
1150 300 5.00 2.15 0.21 
1400 200 5.02 2.17 0.21 
1825 650 5.00 2.16 0.21 
2450 600 5.08 2.21 0.21 
2950 400 5.06 2.22 0.21 
3325 350 5.03 2.21 0.21 
3725 450 5.08 2.23 0.21 
4250 600 5.01 2.22 0.21 
4625 250 4.96 2.22 0.21 
5125 650 5.02 2.21 0.21 
6050 1200 5.01 2.21 0.21 
6875 450 5.06 2.24 0.21 
7400 600 5.02 2.17 0.21 
7814 228 5.03 2.24 0.21 
8128 	1 400 	1 5.04 	1 2.26 0.21 
Table A.12: Pressure readings for experiment 9, using 0.1 pm fibres. 
Experiment 10 
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Permeability and Flow V's Time for 0.114 m fibre 
Time (s) Permeability m3/N.m 2 .s(* 10'°) Flow (ml) 
Average 	Change Upstream Change 	Cumulative 
700 200 33.75 6.5 6.5 
900 200 29.04 5.5 12.0 
1150 300 27.7 8.0 20.0 
1400 200 23.3 4.5 24.5 
1825 650 20.73 13.0 37.5 
2450 600 18.7 11 48.5 
2950 400 20.4 8.0 56.5 
3325 350 13.15 4.5 61.0 
3725 450 19.1 8.5 74.5 
4250 600 17.1 10.0 84.5 
4625 250 12.4 3.0 87.5 
5125 650 17.3 11.0 88.5 
6050 1200 15.4 18.0 106.5 
6875 450 13.6 6.0 112.5 
7400 600 15.5 9.0 121.5 
7814 228 -  13.46 3.0 124.5 
8128 400 14.26 1 	5.5 1 	130.0 
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Pressure V's Time 0.1 pm fibre Cartridge operation 
Time (s)  Pressure (PSIG) 
Average Into Fibre Shell Out of Fibre 
1800 2.49 	2.08 1.17 
2500 2.52 2.08 1.17 
3500 2.51 	2.08 1.16 
Increase inlet pressure 
5700 3.51 	2.71 1.84 
6700 3.49 2.71 1.82 
7700 3.48 	2.72 1.81 
8700 3.57 2.76 1.85 
Increase inlet pressure 
10750 4.51 	3.49 2.22 
11500 4.52 3.48 2.26 
12500 4.48 	3.48 2.23 
13500 4.54 3.49 2.24 
14500 4.45 	3.48 2.22 
15500 4.47 3.50 2.24 
16500 4.47 	3.50 1 2.24 
Increase inlet pressure 
19500 4.99 	3.82 2.53 
20500 5.01 3.84 2.54 
21500 4.97 	3.82 2.52 
Decrease inlet pressure 
23000 2.48 	1.99 1.36 
24000 2.49 1.99 1.36 
25000 2.45 	1.98 1.35 
26000 2.51 1.99 1.37 
Increase inlet pressure 
27525 3.53 	2.74 1.84 
27960 3.50 2.74 1.83 
Table A.14: Pressure readings for 0.1 pm fibres in cartridge operation. Expt 10.0 
Permeability into fibre and Flow vs Time for 0.1 pm fibre 
Time (s) Permeability m3/N.m 2 .s(*10 10) Cumulative Flow (ml) 
Ave. Change Position 1 Position 2 Positioni Position 2 
2775 1950 6.96 7.79 6.0 7.0 
5800 4100 4.71 5.15 16.0 18.0 
9140 2580 3.35 3.66 20.5 23.0 
11715 2570 3.344 3.73 25.0 28.0 
15020 1 	4040 2.80 2.82 31.0 34.0 
Table A.15: Permeability of fibres with flow inwards. expt 12 
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Permeability into fibre and Flow vs Time for 0.1 pm fibre 3.5 PSIG 
Time (s) Permeability m3/N.m2 .8(*10 1°) Cumulative Flow (ml) 
Ave. Change Position 1 Position 2 Positioni Position 2 
1200 1600 2.38 2.35 3.5 3.5 
3420 2840 2.08 2.10 9.0 9.0 
6860 4640 1.60 1.73 16.5 16.0 
12515 6030 1.422 1.429 24.5 24.0 
18840 6620 1.1 0.89 31.5 29.5 
22755 1210 1.23 1.23 33.5 31.5 
1 261251 5530 1 	1.4 1 	1.27 44 41.0 
Table A.16: Permeability of water into 0.1 pm fibres. Expt. 13 
Permeability into fibre and Flow vs Time for 0.1 pm fibre 5 PSIG 
Time (s) Permeability m3/N.m 2 .s(*10 10) Cumulative Flow (ml) 
Ave. Change Position 1 Position 2 Position 1 Position 2 
7340 13920 1.16 1.08 22.0 20.5 
15385 2170 0.67 0.67 22.0 22.5 
18495 4050 0.91 0.91 29.0 27.5 
21875 2710 0.68 0.68 31.5 30.0 
24615 2770 0.66 0.67 34.0 32.5 
31490 1 	10980 0.74 1 	0.71 45.0 43.0 
Table A.17: Permeability of 0.1 pm fibre. Expt. 14 
Experiment 15 
Pressure vs Time for 0.1 pm fibre 
Time (s) Pressure (PSIG) 
Average change Inlet Press Outlet Press. Shell 
1575 710 5.01 2.86 0.18 
2305 750 5.02 2.99 0.17 
3840 2320 5.01 3.03 0.18 
6385 2770 4.98 2.91 0.18 
8760 1980 4.99 2.87 0.18 
10775 2050 4.99 2.91 0.18 
13900 4200 5.00 3.21 0.19 
18770 	1 5540 	1 5.02 	1 3.68 	1 0.19 
Table A.18: Pressure readings for experiment 15 
Permeability and Flow vs Time for 0.1 pm fibre 
Time (s) Permeability m3/N.m 2 .8(*10 10 ) Flow (ml) 
Average 	Change Upstream Change 	Cumulative 
1575 710 0.442 3.0 3.0 
2305 750 0.48 4.0 7.0 
3840 2320 0.39 10.0 17.0 
6385 2770 0.42 12.5 29.5 
8760 1980 0.4 8.5 38.0 
10775 2050 0.43 9.5 47.5 
13900 4200 0.383 18.0 65.5 
18770 1 	5540 0.371 23.0 88.5 
Table A.19: Permeability of 0.1 pm fibres expt.15 
228 
Experiment 17 
Pressure vs Time 0.1 pm Fibre Flow-Through 
Time (s) Pressure PSIG)  
Average Change Upstream Shell Downstream 
Press. In Press. Out 
1450 300 1.49 0.84 0.66 0.33 
5300 7400 1.5 0.87 0.74 0.34 
9300 600 1.49 0.88 0.76 0.32 
10100 1000 1.5 0.88 0.77 0.32 
11350 1500 1.5 0.89 0.78 0.31 
12500 800 1.5 0.89 0.79 0.31 
13340 880 1.5 0.89 0.79 0.31 
14130 2700 1.5 0.89 0.81 0.32 
16940 1000 1.51 0.89 0.83 0.32 
17880 800 1.51 0.89 0.84 0.32 
18540 520 1.50 0.89 0.85 0.32 
19210 820 1.51 0.89 0.85 0.32 
20160 1080 1.51 0.89 0.86 0.32 
Table A.20: Pressure 1.5 p.s.i.g. with 0.1 ism fibres flow-through. Expt 17.0 
Permeability and Flow vs Time 0.1 pm Fibre Flow-Through 
Time (s) Permeability m3/N.m 2 .8(*10 110 ) Flow (ml) 
Average Change Upstream Downstream Change Cumulative 
1450 300 0.46 0.71 0.2 0.2 
5300 7400 0.77 0.86 7.61 7.81 
9300 600 0.60 0.58 0.44 8.25 
10100 1000 0.68 0.64 0.82 9.07 
11350 1500 0.73 0.66 1.31 10.38 
12500 800 0.74 0.64 0.69 11.07 
13340 880 0.74 0.63 0.75 11.82 
14130 2700 0.82 0.63 2.42 14.24 
16940 1000 0.8 0.57 0.84 15.08 
17880 800 0.86 0.6 0.71 15.79 
18540 520 0.77 0.51 0.4 16.19 
19210 820 1.09 0.71 0.89 17.08 
20160 1 	1080 1 	0.77 1 	 0.49 0.82 1 	17.92 
Table A.21: Permeabilities of fibres with 1.5 p.s.i.g supply pressure. Expt. 17 
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Pressure V8 Time 0.1 Ism Fibre Flow-Through 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In Press. Out 
21350 700 1.78 1.00 0.97 0.32 
21890 380 2.48 1.30 1.38 0.32 
23415 2690 2.50 1.56 1.64 0.32 
25035 530 2.52 1.56 1.72 0.32 
26230 1860 2.5 1.54 1.73 0.32 
27310 300 2.53 1.55 1.75 0.32 
28130 1340 2.5 1.52 1.74 0.32 
28900 200 2.5 1.52 1.75 0.32 
33010 8020 2.5 1.5 1.78 0.32 
37560 1080 2.49 1.47 1.82 0.32 
38410 620 2.51 1.48 1.82 0.32 
38960 1 	480 1 	2.5 1 	1.47 1 	1.82 1 	0.32 
Table A.22: Pressure 2.5 p.s.i.g. with 0.1 jAm fibres flow-through. Expt 17.0 
Permeability and Flow vs Time 0.1 um Fibre Flow-Through 
Time (s) Permeability m3/N.m 2 .s(*10 10) Flow (ml) 
Average Change Upstream Downstream Change Cumulative 
21350 700 1.36 0.89 1.15 1.15 
21890 380 1.736 0.85 0.97 2.12 
23415 2690 1.96 0.59 5.93 8.05 
25035 530 2.46 0.56 1.18 9.23 
26230 1860 2.55 0.53 3.94 13.17 
27310 300 2.52 0.52 0.63 13.80 
28130 1340 2.61 0.49 2.68 16.48 
28900 200 2.78 0.52 0.42 16.90 
33010 8020 3.18 0.485 16.17 33.07 
37560 1080 2.75 0.30 1.39 34.46 
38410 620 3.67 0.42 1.12 35.58 
38960 480 1 	2.24 1 	0.245 1.97 1 	37.55 
Table A.23: Permeabilities for 2.5 p.s.i.g. supply pressure. Expt.17 
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Pressure vs Time 0.1 pm Fibre Flow-Through 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In Press. Out 
39635 130 3.37 1.94 2.43 0.32 
39850 300 3.51 2.1 2.51 0.32 
40350 700 3.51 2.25 2.45 0.32 
40850 300 3.51 2.22 2.46 0.32 
41300 600 3.51 2.25 2.45 0.32 
41800 400 3.51 2.23 2.46 0.32 
42200 400 3.51 2.23 2.45 0.32 
42600 1 	400 	1 3.51 1 	2.23 1 2.45 0.32 
Table A.24: Pressure 3.5 p.s.i.g. with 0.1 pm fibres flow-through. Expt 17.0 
Permeability and Flow vs Time 0.1 pm Fibre Flow-Through 
Time (s) Permeability m3 /N.m 2 .3(* b_b) Flow (ml) 
Average Change Upstream Downstream Change Cumulative 
39635 130 5.0 0.522 0.41 0.41 
39850 300 3.31 0.45 0.84 1.25 
40350 700 2.23 0.45 1.90 3.15 
40850 300 2.52 0.48 0.88 4.03 
41300 600 2.29 0.46 1.68 5.71 
41800 400 2.24 0.43 1.04 6.75 
42200 400 1.50 0.287 0.7 7.45 
42600 400 1 	1.74 1 	0.32 1 	0.65 1 	8.10 
Table A.25: Permeabilities for 3.5 p.s.i.g. supply pressure. Expt. 17 
231 
Pressure vs Time 0.1 pm Fibre Flow-Through 
Time (s) Pressure (PSIG)  
Average Change Upstream Shell Downstream 
Press. In Press. Out  
800 600 5.00 4.95 4.00 0.31 
1300 400 5.0 4.95 3.90 0.31 
1700 400 5.0 4.97 3.84 0.31 
2100 400 5.0 4.95 3.76 0.31 
2500 400 5.0 4.94 3.70 0.31 
2900 400 5.0 4.94 3.65 0.31 
3650 1100 5.0 4.94 3.55 0.31 
4550 700 5.0 4.94 3.45 0.31 
5150 500 5.0 4.94 3.38 0.31 
5800 800 5.0 4.94 3.32 0.31 
6400 400 5.0 4.94 3.27 0.31 
6800 400 5.0 4.94 3.24 0.31 
7300 600 5.0 4.94 3.20 0.31 
7800 400 5.0 4.94 3.16 0.31 
Open up - end to be flow through operation 
8300 200 5.08 3.37 2.99 0.31 
8500 200 5.00 3.39 3.00 0.31 
8700 200 4.94 3.39 3.00 0.31 
8900 200 4.93 3.41 3.00 0.31 
9150 300 5.01 3.44 3.00 0.31 
9400 200 5.05 3.43 3.00 0.31 
9650 300 4.98 3.42 3.00 0.31 
9900 200 4.96 3.43 3.00 0.31 
10300 600 5.03 3.48 3.00 0.31 
10800 400 5.03 3.48 3.00 0.31 
11300 600 1 	5.05 1 	3.73 3.00 1 	0.31 
Table A.26: Pressure 5 p.s.i.g. with 0.1 pm fibres dead-ended. Expt 17.0 
232 
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Permeability and Flow vs Time 0.1 pm Fibre Flow-Through 
Time (s) Permeability m3 /N.m 2 .8(* 10'°) Flow () 
Average Change Upstream Downstream Change Cumulative 
800 600 1.64 0.435 2.75 2.75 
1300 400 1.28 0.38 1.55 4.30 
1700 400 1.32 0.43 1.75 6.05 
2100 400 1.17 0.41 1.62 7.67 
2500 400 1.11 0.41 1.6 9.27 
2900 400 1.09 0.43 1.64 10.91 
3650 1100 0.845 0.373 3.79 14.70 
4550 700 0.72 0.353 2.21 16.91 
5150 500 0.77 0.41 1.8 18.71 
5800 800 0.65 0.36 2.49 21.2 
6400 400 0.72 0.42 1.4 22.60 
6800 400 0.63 0.37 1.23 23.83 
7300 600 0.62 0.38 1.88 25.71 
7800 400 0.58 0.34 1.12 26.83 
Open up end to be flow through operation 
8300 200 0.92 0.42 0.65 27.48 
8500 200 1.17 0.52 0.8 28.28 
8700 200 0.68 0.30 0.45 28.73 
8900 200 0.74 0.33 0.5 29.23 
9150 300 0.76 0.35 0.8 30.03 
9400 200 0.702 0.33 0.5 30.53 
9650 300 0.82 0.37 0.85 31.38 
9900 200 0.95 0.43 0.65 32.03 
10300 600 0.80 0.38 1.75 33.78 
10800 400 0.68 0.33 1.00 34.78 
11300 1 	600 0.63 0.33 1.5 36.28 
Experiment 18 
Pressure vs Time for 0.1 pm and lOOkD fibres 
Time (s) Pressure (PSIG)  
Upstream In and Out Downstream 
Average 	Change Inlet Press 	Outlet Press. Shell Press. Outlet Press 
1750 200 4.97 3.10 3.21 0.33 
1925 150 5.03 3.09 3.23 0.33 
2175 350 5.04 3.09 3.25 0.33 
2725 750 4.99 3.09 3.27 0.33 
3275 350 5.00 3.08 3.29 0.33 
4150 1200 4.99 3.08 3.29 0.33 
4825 250 5.00 3.09 3.30 0.33 
5150 300 5.04 3.10 3.31 0.33 
5450 300 4.97 3.14 3.30 0.33 
5700 200 5.02 3.15 3.32 0.33 
5925 250 5.02 3.19 3.32 0.33 
6575 1050 4.99 3.13 3.35 0.33 
7250 300 4.97 3.13 3.36 0.33 
7850 900 4.98 3.08 3.37 0.33 
8475 350 4.97 2.97 3.41 0.33 
8825 350 5.00 2.97 3.40 0.33 
9100 200 added dextran 
11400 4400 4.99 3.14 3.31 0.33 
15650 4100 5.00 3.09 3.31 0.33 
21700 1 	8000 1 	5.00 3.00 3.35 0.33 
Table A.27: Pressure readings for experiment 18 
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Permeability and Flow VS Time for 0.1 pm fibre 
Time (s) Permeability m3 /N.m 2 .8(* lo-'°) Flow (ml) 
Average 	Change 0.1 jAm 	lOOkd Change 	Cumulative 
1750 200 0.534 0.151 0.25 3.41 
1925 150 1.322 0.370 0.47 3.88 
2175 350 1.235 0.345 1.01 4.89 
2725 750 1.279 0.332 2.10 * 6.99 
3275 350 1.31 0.330 1.26 8.25 
4150 1200 1.32 0.328 3.35 11.60 
4825 250 1.322 0.328 0.7 12.30 
5150 300 1.262 0.328 0.82 13.12 
5450 300 1.677 0.422 1.08 14.2 
5700 200 3.22 0.82 1.41 15.61 
5925 250 1.073 0.28 0.6 16.21 
6575 1050 1.257 0.296 2.69 18.90 
7250 300 1.074 0.246 0.64 19.54 
7850 900 1.15 0.25 1.96 21.50 
8475 350 1.46 0.265 0.82 22.32 
8825 350 1.25 0.237 0.73 23.05 
9100 200 dextran added 24.20 
11400 4400 1.222 0.307 11.56 35.76 
15650 4100 1.149 0.281 9.84 45.60 
21700 8000 1.29 0.279 19.35 64.95 
ciable A.28: Permeability of 0.1 um fibres in expt.18 
Experiment 19 
Pressure vs Time for 0.1 pm and lOOkD fibres 
Time (s) Pressure (PSIG)  
Upstream In and Out Downstream 
Average 	Change Inlet Press 	Outlet Press. Shell Press. Outlet Press 
450 100 5.01 2.40 3.66 0.33 
800 600 4.97 2.38 3.74 0.33 
1300 200 4.97 2.32 3.84 0.33 
1600 200 5.00 2.31 3.83 0.33 
1800 200 5.02 2.33 3.83 0.33 
2000 200 4.97 2.33 3.84 0.33 
2200 200 5.01 2.33 3.83 0.33 
2400 200 5.01 2.32 3.84 0.33 
2600 200 4.97 2.30 3.85 0.33 
2900 400 5.01 2.29 3.85 0.33 
3250 300 5.01 2.29 3.86 0.33 
3850 900 5.00 2.26 3.88 0.33 
4450 300 5.01 2.24 3.89 0.33 
4750 300 5.05 2.27 3.89 0.33 
5650 1500 4.97 2.24 3.89 0.33 
6900 1000 5.02 2.23 3.91 0.33 
7500 200 4.96 2.22 3.92 0.33 
8150 1100 5.01 2.21 3.93 0.33 
9800 1100 5.01 2.16 3.96 0.33 
11050 300 5.11 2.89 1 	4.14 1 	0.33 
Table A.29: Pressure readings for experiment 19, first set 
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Pressure vs Time for 0.1 pm and lOOkD fibres Dead-ened 
Time (s) Pressure (PSIG)  
Upstream In and Out Downstream 
Average Change Inlet Press Outlet Press. Shell Press. Outlet Press 
11400 200 5.00 4.97 4.70 0.33 
11900 800 5.00 4.93 4.67 0.33 
12550 500 4.94 4.93 4.67 0.33 
14250 2900 5.00 4.95 4.68 0.33 
16250 1100 5.01 4.94 4.68 0.33 
17150 700 5.00 1 	4.94 4.68 0.33 
Start Flow through 
17750 500 5.00 4.55 4.71 0.33 
18450 900 5.01 4.55 4.73 0.33 
19050 300 5.02 4.57 4.74 0.33 
19500 400 5.02 4.57 4.74 0.33 
19850 300 4.99 4.53 4.74 0.33 
20500 1000 5.00 4.53 4.75 0.33 
21150 300 4.97 4.53 4.75 0.33 
21600 600 5.00 4.60 4.77 0.33 
Dead-ended Again at higher pressure 
22450 1100 4.98 4.95 4.75 0.33 
23150 300 5.18 5.11 4.83 0.33 
23400 200 5.74 5.68 5.38 0.33 
23550 100 5.73 5.68 5.46 0.33 
23750 300 5.74 5.68 5.45 0.33 
24150 500 5.73 5.69 5.46 0.33 
24500 200 5.79 1 	5.68 1 	5.46 0.33 
Table A.30: Pressure readings for experiment 19, second set 
237 
238 
Note The *1  in the permeability column signifies that flow is going back into the 0.1pm 
fibre and so the permeability could not be obtained from the pressure and flowrate mea-
surements. 
Permeability and Flow vs Time for 0.1 pm and lOOkD fibres 
Time (s) Permeability m3/N.m.8(* 10'°) Flow (ml) 
Average 	Change 0.1 um 	lOOkD Change 	Cumulative 
450 100 $1 0.42 0.12 0.65 
800 600 *1 0.02 0.11 0.76 
1300 200 *1 0.078 0.31 1.07 
1600 200 *1 .1 0.2 1.27 
1800 200 1 0.1 0.2 1.47 
2000 200 1 0.03 0.06 1.53 
2200 200 *1 0.12 0.24 1.77 
2400 200 *1 0.184 0.37 2.14 
2600 200 1 0.104 0121 2.35 
2900 400 *1 0.09 0.35 2.70 
3250 300 1 0.033 0.1 2.80 
3850 900 - *1 0.066 0.6 3.40 
4450 300 1 0.033 0.1 3.50 
4750 300 1 0.033 0.1 3.60 
5650 1500 1 0.066 0.92 4.32 
6900 1000 *1 0.066 0.68 5.00 
7500 200 1 0.058 0.12 5.12 
8150 1100 *1 0.0617 0.7 5.82 
9800 1100 1 0.054 1.23 7.05 
11050 1 	300 *1 0.046 0.15 7.20 
Table A.31: Permeability of 0.1 pm and lOOkD fibres expt.19, first set 
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Permeability and Flow vs Time for 0.1 um and lOOkD fibres 
Time (s) Permeability m3/N.m2 .s(*10 10 ) Flow (ml) 
Average Change 0.1 pm lOOkD Change Cumulative 
11400 200 1.2 0.08 0.2 7.46 
11900 800 1.15 0.077 0.77 8.23 
12550 500 1.07 0.066 0.42 8.65 
14250 2900 0.81 0.056 2.01 10.66 
16250 1100 0.684 0.047 0.64 11.30 
17150 700 0.869 0.057 0.5 11.80 
Start Flow through 
17750 500 *1 0.043 0.27 12.07 
18450 900 *1 0.064 0.73 12.80 
19050 300 *1 0.067 0.34 13.14 
19500 400 *1 0.05 0.26 13.40 
19850 300 *1 0.047 0.18 13.58 
20500 1000 *1 0.055 0.7 14.28 
21150 300 *1 0.0529 0.26 14.54 
21600 600 *1 1 	0.063 0.44 14.98 
Dead-ended Again at higher pressure 
22450 1100 1.07 0.0516 0.72 15.70 
23150 300 0.7505 0.517 0.2 15.91 
23400 200 0.74 0.048 0.14 16.05 
23550 100 0.714 0.034 0.05 16.10 
23750 300 1.68 0.084 0.37 16.47 
24150 500 0.906 0.045 0.33 16.80 
24500 200 1.55 0.08 1 	0.24 1 17.04 
Table A.32: Permeability of 0.1 jtm and lOOkD fibres expt.19. Second set 
Appendix B 
One of the Main Program Loops 
*include "growing_head_mod5 .h" 
void dual_hollow_reactor(react *raactor,flujd *sink,fluid *source, 
fibre-parameters *fibre_s ink, fibre_parameters *fibre_source, 
double visCOBityint no_of_sections ,double constant ,double source-constant, 
double total_no_cells [SECTIONS] double pseudo-radius, component *start_conc, 










double press-old, press-new; 
double press_drop [SECTIONS]; 
double temp_source[SECTIONS]; 




double cumulative_flow_source [SECTIONS]; 
no-of-shells =SHELLS; 
end_conc =(component *)malloc(sizeof(component)); 
supply_conc = (nutrient *)malloc(sizeof (nutrient)); 
area-of-sources = (double)no_of_sections*(fjbre_source_)area_section[o]); 
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flow-new flow(fibre_source->perineability [0], area-of-sources, 
reactor->inlet_press_upstrm , reactor->press...shell); 
flow-new = flow-new * 0.85; 
k0; 
first - 0; 
while (k< 150) 
1* change permeability in sink fibres *1 
set-permeability (fibre_sink, total_no_cells ,no_of_sections, constant ); 
1* change permeability in source fibres *1 
set_permeability(fibre_source, cumu].ative_flow_source,no_of_sections, 
source-constant ); 
flow-old = flow-new; 
flow-new = 50.0; 
while( fabs(flow_downe(double)reactor->sjnka- 
f low_new *(double)reactor-).sources) > 
flow_new*0.03*(double)reactor>sources && (first 	0 H constant ! 0.0)) 
{ 
flow-new= flow-old; 
source->flow_a].ong[no_of_sections] = 1.0; 
while(0 . 01*source->f low_along [0] *reactor>sources < 
f abs (0.0 -source->flow_along [no_of_sections])) 
{ 
source->flow_along [0] flow-new; 
flow_new = 0.0; 
for(i0; i<no_of_sections; i++) 
{ 
source- >flow-across [i] -flow Cf ibre_source>permeability [i], 
fibre_source->area_saction[i] , source->praasure[i], reactor-)press-shell); 
flow_deltap = source->flow_along[i] source->flow_across[i]/2.0; 
source->f low- along Ei+1] = source ->f low- along [i] 
source->flow_across [i]; 
press-drop[i] pressdrop (flow_deltap , fibre_source->dianieter, 
fibre_source->length , viscosity); 
source->pressure[i+1] = source->pressure[i] press_drop [i]; 
if (source- >pressure [i+1) > reactor->press_shell) 
{ 
flow-new = flow-new + fabs(source->flow_across[j]); 
} 
V. 
flow-new =(1 . 0*flow_new + 1. 0*flow_old)/2 .0; 
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flow-old = flow-new; 
} 
sink->pressure [no_of_sections] =2000.0; 
while (0.05* (sink->pressuze [0]) < 
f abs (0. 0-sink->pressure [no_of_sections])) 
{ 
sink->pressure [0] -press-new; 
press-old = press-new; 
press-new - 0.0; 
flow-down 0.0; 
for(i=0; iCno_of_sections; i++) 
{ 
sink->flow_across [i] =f low (f ibre_sin.k->permeability [i], 
fibre_sink)area_section[i], reactor->press_shell ,• sink->pressure[i]); 
flow_deltap = sink->flow_along Ci] + sink->flow_across Ci] /2.0; 
sink->flow_along[i+i] sink->flow_a].ong[i] + sink->flow_across[i]; 
press-drop[i] =pressdrop(flow_deltap, fibre_sink->diameter, 
fibre_sink-)length, viscosity); 
sink->pressure[i+1] = sink->pressure[i] press_drop [i]; 
press-new =press_new+press_drop[i]; 
flow-down = flow-down + sink->flow_acrose [i]; 
} 
if (press_new > 1.1 * reactor->press_shell) 
{ 
press-new = 1. 1*reactor->press_shell; 
} 
press-new = (press_new*1.0 + 1.0*press_old)/2.0; 
if (f abs Cf low_down* (double)reactor->sinks flow-new * 
(double)reactor->sources) > flow_new*0 .05) 
{ 
reactor->press _shell = reactor->press_shell 
(0.90* C (sink->flow_along [no_of_sections] * 
(double)reactor>sinks-flow_new*(donble)reactor->sources)/ 
(f low_new* (double)reactor->sources))); 
first = first + 1; 
} 
for(i=0; i<no_of_sections ; i++) 
{ 
cumulative-flow-source[i] = cumulative_flow_source [i] + 
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source->f low-across [i]; 
} 
k= k+1; 
1* Decides which growth model is to be used *1 
if (operation - Bree_model) 
{ 
calc_cel].s(sink, cell_conc, end_conc, start_conc, pseudo-radius, 
fibre-sink, total-no-cells, no_of_sections • no_of_shells ,supply_conc,k); 
concentration_change((2 .0 * flow-down), start_conc , end_conc ,reactor); 
else if (operation == Oxygen) 
{ 
monod_oxygen(pseudo_radius, total_no_cells, cell_conc, 
no-of-sections, no-of-shells, sink, fibre-sink, k); 
} 
printf("\n %d", k); 
single_store(k, reactor->press_shell, "output_shell.dat"); 
if(k == 4 II k ==-24 II k = 48 II k =- 72 II k -- 96 II k 	120){ 
for(i0; i<SECTIONS; j++) 
{ 
temp_sink[i] = sink->flow_acroaa[i]* 1000000.0; 




"prog_runs_thes is/pressure_profiles .dat"); 
storage(no_of_sections ,no_of_shells ,supply_conc->glucose_conc ,k, 
"prog_runs_thesis/glucose_conc .dat"); 
storage (no_of_sections ,no_of_shells , supply_conc->glut_conc ,k 
"prog_runs_thesis/glut_conc .dat"); 
storage (no_of_sections ,no_of_shells , supply_conc->oxygen_conc ,k, 
"prog_runs_thesis/oxygen_conc .dat"); 
storage(no_of_sections ,no_of_shells ,supply_conc>lactate_conc ,k, 
"prog_runs_thesis/lactate_conc .dat"); 
storage (no_of_sect ions ,no_of_shells , supply_conc->ammonium_conc ,k, 
"prog_runs_thesis/ammoniuin_conc .dat"); 




"prog_runs_thesis/f low_prof iles .dat"); 
} 
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• source->preasure [i], s ink- >pressure Ci]); 
Appendix C 
Input file for Computer Model 
*include "growing_head_mod5 .h" 
void set_startvalues (fibre_parameters *f ibre_source, fibre-parameters 
*fjbre_sjnk, mt no_of_sections, mt no-of-shells, double cell_conc [SECTIONS] 
[SHELLS], double tot_no_cells [SECTIONS], react *reactor, mt *operation, 
double *pseudo_radius, component *start_conc, double *constant, 
double *source_constant, jut *reactor_type, double *viscosity) 
{ 
double area_up, area-down; 
jut j, j; 
fibre_source->potting_lengthl 0.01; 
fibre_source->potting_length2 = 0.01; 
fibre_source->potting_length3 = 0.01; 
fibre_source->potting_length4 = 0.01; 
fibre_source->drain_lengthl = 0.01; 
fibre_source->drain_langth2 = 0.01; 
fibre_sink->potting_lengthl = 0.00; 
fibre_sink->potting_length2 = 0.01; 
fibre_sink->potting_length3 = 0.01; 
fibre_sink->potting_length4 = 0.00; 
fibre_sink->drain_lengthl = 0.0; 
fibre_sink->drain_length2 = 0.0; 
fibre_source->initial_permeability =6.83965e-10; 
fibre_sink>initial_permeability =6.83965e-10; 
./* Tells which growth model to use */ 
*operation = Bree_model; 
245 
APPENDIX C. INPUT FILE FOR COMPUTER MODEL 	 246 
*pseudo_radius 0.00075; 
*souce_constazt = 0.0; 
/* *sourca_constant = 6.0e-8;*/ 
*constant = 2.0e-16 
*constant = 0.0; 
1* reactor-type = 1 then dual dead ended operation or dead-ended */ 
/s reactor-type = 2 then flow thru reactor in source aide *1 
*reactor_type 2; 
*viscosity 0.001; 
/s nutrient starting concentrations mmol/1 *1 
start _conc->glut 4.0; 
start_conc->glucose = 25.0; 
start_conc->ammon 0.0; 
start _conc->lactate = 0.0; 
start_conc->IgG = 0.0; 
reactor->reservoir_vol = 0.5; 
reactor->sources = 40; 
reactor->sinks = 80; 
fibre_source->length = 0.195; 
if (*reactor_type == 2) 
{ 
f ibre_source->total_length fibre_source->length * (double)no-of-sections 
+ fibre_source->potting_].engthl + fibre_source->potting_length2 + 
fibre_source->potting_length3 + fibre_source->potting_length4 + 
f ibre_source->drain_lengthl+f ibre_aource->drain_].ength2; 
fibre_sink->length = fibre_source->length / 2.0; 




fibre_source->total_].ength fibre_source->length * (double)no-of-sections; 
fibre_sink->length = fibre_source->length; 
fibre_sink->total_length = fibre_sink->length * (double)no-of-sections; 
} 
fibre_source->diaineter = 0.0011; 
fibre_sink->diameter = 0.0011; 
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reactor->outlet_press_downstrm = 0.0; 
reactor->inlet..press_upstrm = 40000.0; 
1* remember that if flow through reactor outlet press < inlet on upstrm *1 
reactor->outlet_press_upstrm = 30000.0; 
area-up = f ibre_source->diameter*3. 14*f ibre_source->length; 
area-down f ibre_sink->diameter*3. 14*f ibre_sink->length; 
for(i0; i<no_of_sectiona; i++) 
{ 
fibre_source->area_section[i] area-up ; 
fibre_source->permeability Li] - fibre_source->initial_permeability; 
tot-no-cells[i] =0.0; 
f ibre_sink->area_section Li] = area-down 
fibre_sink->permeability Ci] = fibre_sink->initial_permeability; 
for(j0 ;j(no_of_shells ;j++) 
{ 





Wiring for Interface 
This shows the wiring connecting the National Instruments AT-MIO-16 interface card 
by way of a 50-way header track to the monitoring equipment. 
cli = analogue input channel. 
anal. out = analogue output channel 
dig = digital input/output channel. 
gnd = ground connection. 
The pressure transducers are connected to channels 0-3. 
Dissolved oxygen are connected to channels 8,9. 
Temperature probes are connected to channels 10,11. 
Output to gear pump is connected to anal. out 12/1. 
Anal. out 12/2 is configured for small peristaltic pump. 
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A pins B pins 
1 gnd/Ov gnd/Ov 




6 chO chlO 
7 chi chil 
8 ch2 chl2 
9 ch3 chl3 
10 ch4 chl4 




15 ch9 gnd 
16 anal. out 12/1 gnd 
17 anal. out 12/2 gnd 
18 timer trig b4 
19 dig A0 dig BO 
20 dig Al dig BI 
21 dig A2 dig B2 
22 dig A3 dig B3 
23 dig A4 dig B4 
24 dig AS dig B5 
25 dig A6 dig B6 
26 dig A7 dig B7 
27 dig CO dig C4 
28 dig Cl dig C5 
29 dig C2 dig C6 
30 dig C3 dig C7 
31 +15v +15v 
32 gad gnd 
